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ABSTRACT
This study was undertaken in order to investigate the capacity of floating reed beds 
to remove algae. The development of algae in eutrophic raw water storage reservoirs 
adversely affects the operational efficiency and economics of drinking water 
treatment downstream processes. In wastewater treatment using lagoons algal 
growth adversely affects discharge consent compliance and can cause practical 
problems when attempting agricultural reuse of effluents. Floating reed bed root 
systems were studied in stored lowland river water in the River Thames basin In 
England and in tertiary sewage effluent lagoons in tropical Australia.
Whereas many research studies have been undertaken in recent years on the 
performance and ecology of constructed (reed bed) wetlands, almost nothing is 
known about the ecology of floating reed beds or their performance.
Thus the objectives of this study was to obtain insights into the principal ecological 
mechanisms operating within submerged root matrices and to assess their potential 
for efficient algal removal.
The results of cultivating a range of reed species suggest that the root morphology 
and development is strongly influenced by nutrient concentration and that lower 
nutrient levels encourage more vigorous root growth. Macrophytes with a fibrous 
roots system such as Phalaris arundinaceous should be selected for floating reed 
beds applications to filter algae as they provide a relatively homogeneous filter 
medium.
In order to understand the dominant ecological mechanisms operating a preliminary 
study of the feeding behaviour of the main herbivores living within the root system 
was undertaken. This requires more prolonged and detailed study to identify the 
maximum capacity of floating reed beds in removing algae. In terms of quantity 
(chlorophyll a concentration) and quality (algae species).
The study showed that the floating reed beds root system was able to intercept and 
retain algae in suspension in the water column. The adhesion of algae to the biofilm 
was observed with cell degradation in some cases. The main organisms recorded 
living within the fibrous root system were herbivore oligochaete worms. Although 
more results are required, these preliminary findings highlight the potential for the 
invertebrate community to permanently remove trapped algae from the water 
column through secondary grazing.
An investigation of floating reed bed root systems as a means of removing suspended algae
ACKNOWLEDGMENTS
The author is most grateful to the following institutions and person for financial and 
technical support during the course of this study:
Thames Water Utilities Ltd: Special thanks to Dr Mike Chipps and Dr Steve 
Hurley.
Wide Bay Water Corporation: Special thank to David Wiskar and Dr Kelvin 
O'Ha Horan.
University of Surrey: Special thanks to Prof. Barry Lloyd and Brian Clarke 
I would also like to express my gratitude to:
Andrew Mikol, Celine Marchenay, Clancy Denham, Elizabeth Single, Glynis Stewart, 
Ian Maggs, Jane Boundy, Jess Koerner, Dr Jerome Moulin, Kieran McAndrew, Dr 
Mellisa Steele, Olive Edwards, Robin Bayley, Simon Fouquet, Jason Riley, Jeff Kirk, 
Lars Cohen, Margaret Pollock, Neville Sommerfield, Nick Gheorghiu, Noel Rubbeck 
Paul Raward, Phil Green, Rick Jennings, Sally Rosen, Sammie Peters and Wayne 
Funnell.
An investigation of floating reed bed root systems as a means of removing suspended algae
TABLE OF CONTENT
ABSTRACT--------------------------------------------------------------------------------------------- i
ACKNOWLEDGMENTS--------------------------------------------------------------------------— ii
TABLE OF CONTENT —- iii
LIST OF FIGURES-------------------------------------------------------------------------------- viii
LIST OF TABLES----------------   xii
LIST OF EQUATIONS----------------------------------------------------------------------------- xiil
LIST OF ABBREVIATIONS-----------------------------------------------------------------------xiv
1 Introduction------------------------------------------------------------------------------------ 1
1.1 What are floating reed beds?-------------------------------------------------------------------------- 1
1.2 Significance of algae control in water and wastewater reservoirs------------------------ 3
1.3 Introduction to the impacts of floating reed beds on algal niche--------------------------7
2 Review of the different mechanisms thought to be involved in floating reed beds 
for algae control------------------------------------------------------------------------------------- 8
2.1 Shading---------------------------------------------------------------------------------------------------------- 8
2.2 Nutrient uptake-----------------------------------------------------------------------------------------------9
2.3 Hydraulics---------------------------------------------------------------------------------------------------- 11
2.3.1 Horizontal current--------------------------------------------------------------------------------------------------- 11
2.3.2 Vertical currents--------------------------------------------------------------------------------  11
2.3.3 Artificial currents-----------------------------------------------------------------------------------------------------13
2.4 Interception-------------------------------------------------------------------------------------------------- 14
2.4.1 Straining mechanisms---------------------------------------------------------------------------------------------- 16
2.4.2 Root morphology-----------------------------------------------------------------------------------------------------19
2.5 Allelopathy---------------------------------------------------------------------------------------------------21
An investigation of floating reed bed root systems as a means of removing suspended algae
2.6 Primary grazing-------------------------------------------------------------------------------------------- 22
2.6.1 Introduction----------------------------------------------------------------------------------------------------------- 22
2.6.2 Zooplankton refuge theory--------------------------------------------------------------------------------------- 23
2.6.3 Piscivore refuges----------------------------------------------------------------------------------------------------25
2.6.4 Potential opposite impacts of primary grazing-----------------------------------------------------------26
2.7 Secondary Grazing--------------------------------------------------------------------------------------- 26
2.7.1 Introduction-------------------------------   26
2.7.2 Oligochaete worms--------------------------------------------------------------------------------------------------28
2.7.3 Chironomidae--------------------------------------------------------------------------------------------------------- 29
2.7.4 Gastropod---------------------------------------------------------------------------------------------------------------30
2.7.5 Protozoa-----------------------------------------------------------------------------------------------------------------31
2.7.6 Rotifers--------------------   31
2.7.7 Secondary settling---------------------------------------------------------------------------------------------------32
2.8 Conclusion--------------------------------------------------------------------------------------------------- 33
3 Aim and objectives--------------------------------------------------------------------------  35
4 Experimental work: Introduction---------------------------------------  36
4.1 London, UK with Thames Water Utilities-------------------------------------------------------- 36
4.2 Hervey Bay, Queensland, Australia with Wide Bay Water Corporation.-------------- 38
5 Materials and Methods----------------------------------------------------------------------- 40
5.1 Chlorophyll a acetone extraction------------------------------------------------------------------- 40
5.1.1 Reason for monitoring--------------------------------------------------------------------------------------------- 40
5.1.2 Principle--------------------------------------------------------------------------------------------------------------- 40
5.1.3 Safety Precautions-------------------------------------------------------------------------------------------------- 40
5.1.4 Sampling--------------------------------------------------------------------------------------------------------------- 40
5.1.5 Extraction-----------------------------------------------------------  41
5.1.6 Measurement---------------------------------------------------------------------------------------------------------41
5.1.7 Calculation--------------------------------------------------------------------------------------------------   41
5.2 Nutrients analysis using Flow Injection Analysis (FIA)--------------------------------------41
5.2.1 Flow Injection Analysis principle-------------------------------------------------------------------------------- 41
5.2.2 Sample collection and preparation----------------------------------------------------------------------------42
5.2.3 Nitrate analysis-------------------------------------------------------------------------------------------------------42
5.2.4 Orthophosphate analysis-----------------------------------------------------------------------------------------42
IV
An investigation of floating reed bed root systems as a means of removing suspended algae
5.3 Faecal coliforms and E.coli Membrane filtration method-------------------------------- 43
5.3.1 Reason for monitoring--------------------------------------- --------------------------------------------------- 43
5.3.2 Procedure-------------------------------------------------------------------------------------------------------------43
5.4 Zooplankton Dry weight--------------------------------------------------------------------------------44
5.4.1 Reason for monitoring-------------------------------------------------------------------------------------------- 44
5.4.2 Procedure--------------------------------------------------------------------------------------------------------------44
5.5 Yellow Spring Instruments (YSI) multi-parameters water quality sondes----------44
5.5.1 YSI 6 Series V2 Multiparameter sonde (Model 6600)------------------------------------------------- 44
5.5.2 DO------------------------------------------------------------------------------------------------------------------------ 44
5.5.3 pH ------------------------------------------------------------------------------------------------------------------------ 45
5.5.4 Chlorophyll a --------------------------------------------------------------------------------------------------------- 45
5.6 Epiphytic micro and macro invertebrates------------------------------------------------------ 46
5.6.1 Sampling------------------------------------------------------------------------------------------------------------- 46
5.6.2 Procedure--------------------------------------------------------------------------------------------------------------46
6 Investigation into the capacity of the root system of two different macrophytes 
species {Phalaris arundinacea and Phragmites australis) to intercept the filamentous 
cyanophyta Aphanizomenon fios-aquae.-------------------------   49
6.1 Introduction------------------------------------------------------------------------------------------------49
6.2 Experimental layout-------------------------------------------------------------------------------------49
6.3 Sample analysis------------------------------------------------------------------------------------------- 51
6.4 Results-------------------------------------------------------------------------------------------------------- 52
6.4.1 Root lengths---------------------------------------------------------------------------------------------------------- 52
6.4.2 Root morphology.---------------------------------------------------------------------------------------------------53
6.4.3 Chlorophyll a results---------------------------------------------------------------------------------------------- 53
6.4.4 Roots observations------------------------------------------------------------------------------------------------ 55
6.5 Discussion---------------------------------------------------------------------------------------------------57
7 Investigation into the capacity of the root system of Vetiver grass ( Vetiveria 
zizanioides)X.Q intercept algae in a hyper eutrophic ecosystem.-------------------- -— 58
7.1 Introduction to Eli Creek Waste Water Treatment Plant (ECWWTP)------------------58
7.2 Experimental layout------------------------------------------------------------------------------------60
7.3 Sample analysis-------------------------------------------------------------------------------------------62
An investigation of floating reed bed root systems as a means of removing suspended algae
7.3.1 Parameters monitored---------------------------------------------------------------------------------------------62
7.3.2 Problem associated with experimental work---------------------------------------------------------------64
7.3.3 Statistics----------------------------------------------------------------------------------------------------------------- 64
7.4 Results----------------------------------------------------------------------------------------------------------66
7.4.1 System analysis------------------------------------------------------------------------------------------------------- 66
7.4.2 Root growth------------------------------------------------------   74
7.4.3 Floating reed beds as a means of decreasing chlorophyll a concentration---------------------75
7.4.4 Nutrients---------------------------------------------------------------------------------------------------------------- 81
7.4.5 Coliforms/f.co//------------------------------------------------------------------------------------------------------- 86
7.4.6 Zooplankton dry weight------------------------------------------------------------------------------------------- 88
7.5 Conclusion----------------------------------------------------------------------------------------------------89
7.5.1 Reed beds as a means of controlling algae------------------------------------------------------------------89
7.5.2 Reed beds as a refuge for birds and ducks------------------------------------------------------------------90
7.5.3 Mechanisms involved in algae control by floating reed beds.---------------------------------------91
8 Investigation into the capacity of the root system of Vetiver grass ( Vetiveria 
zizanioided) to intercept algae in a eutrophic system-------------------------------------- 92
8.1 Introduction to Wastewater Pulgul lagoon, Hervey Bay, Queensland, Australia 92
8.2 Experimental layout--------------------------------------------------------------------------------------94
8.3 Sampling and analysis----------------------------------------------------------------------------------- 96
8.3.1 Parameters monitored-------------------------------------------------------------------------------------------- 96
8.3.2 Problem associated with experimental work-------------------------------------------------------------- 97
8.3.3 Statistics----------------------------------------------------------------------------  97
8.4 Results--------------------------------------------------------------------------------------------------------- 98
8.4.1 System analysis-------------------------------------------------------------------------------------------------------98
8.4.2 Root growth----------------------------------------------------------------------------------------------------------106
8.4.3 Reed beds as a means of decreasing chlorophyll a concentration------------------------------ 107
8.4.4 Microinvertebrates and macroinvertebrates succession-------------------------------------------- 112
8.4.5 Micro and macro invertebrates grazing potential in the removal of trapped algae. — 123
8.4.6 Oligochaetae diet investigation------------------------------------------------------------------------------ 125
VI
An investigation of floating reed bed root systems as a means of removing suspended algae
8.5 Conclusion---------------------------------------------------------------------------------------------------128
9 General Conclusion-------------------------------------------------------------------------130
9.1 Interception------------------------------------------------------------------------------------------------ 130
9.2 Secondary grazing--------------------------------------------------------------------------------------- 131
9.3 Other mechanisms-------------------------------------------------------------------------------------- 132
9.4 Future work------------------------------------------------------------------------------------------------ 132
9.5 Recommendations for future work----------------------------------------------------------------133
10 Reference list----------------------------------------------------------------------------- 134
VII
An investigation of floating reed bed root systems as a means of removing suspended algae
LIST OF FIGURES
Figure 1-1: Schematic representation of a floating reed bed raft.............................. 1
Figure 1-2: Wastewater lagoon affected by an algal bloom of the Cyanophyta
Arthospira spp.........................................................................................................4
Figure 1-3: Potential mechanisms involved in floating reed bed technology for algae
control........................................................................................................ 7
Figure 2-1: Different hydraulic paths might develop under floating reed bed with
developed root system...........................................................................................13
Figure 2-2: Schematic detail of Phalaris aerundinaceæ root hairs putting in
perspective root hairs "void" with different algae.................................................... 15
Figure 2-3: Photomicrographs showing algal cells apparently embedded in mucilage,
a mechanisms called adhesion................................................................................18
Figure 2-4: Morphological variation in a lateral root of water hyacinth as a response
to phosphorus availability.......................................................................................20
Figure 2-5: Daphnia spp. that has ingested algae...................................................22
Figure 2-6: Model prediction of Farmoor Reservoir algal population and cladoceran
population............................................................................................................. 23
Figure 2-7: Main mechanisms thought to be involved in the elimination of preformed
algae by floating reed beds....................................................................................34
Figure 4-1: Kempton Park, London, UK......................................................     37
Figure 4-2: Hervey Bay, Queensland, Australia...................................................... 38
Figure 5-1: Epiphytic micro and macro-invertebrate sampling.................................46
Figure 5-2: Procedure for micro and macro-invertebrate identification..................... 48
Figure 6-1: Experimental layout for interception mechanism investigation, Kempton
Park, UK................................................................................................................ 50
Figure 6-2: Root Length of P. arundinacea and P. austraiis o\j&c two years at
Kempton Part AWT................................................................................................ 52
Figure 6-3: Phaiaris arundinacea, showing fibrous root system, grown
hydroponically....................................................................................................... 53
Figure 6-4: Phragmites austraiiss\\omv\q rhizomes (green) and nodes, grown
hydroponically....................................................................................................... 53
Figure 6-5: Inlet and outlet chlorophyll j  concentration.......................................... 54
Figure 6-6: A. fioas-aquae\xa^^e(^  in root matrix...............................................   56
VIII
An investigation of floating reed bed root systems as a means of removing suspended algae
Figure 6-7: A light disturbance can be responsible for A. ffos-aguae to be re­
suspended ............................................................................................................ 56
Figure 6-8: Root showing weak bounding with A. flos-aguae üakes.........................56
Figure 6-9: Root showing A. f7os-aguae f\\aments trapped in the detritus associated
with the roots........................................................................................................ 56
Figure 7-1: Aerial view of ECWWTP and of the 50ML ECWWSP where the
experimental work was carried out.......................................................................59
Figure 7-2: ECWWSP discharge flow diagram......................................................... 60
Figure 7-3: Layout of the system used to control the flow in each channel..............61
Figure 7-4: Experimental channels at ELWWSP, Hervey Bay, Australia.................... 62
Figure 7-5: ECWWSP sampling point locations..........................  63
Figure 7-6: Temperature in ECWWSP measured with YSI sondes and meteorological
data collected from the Commonwealth Bureau of Meteorology............................67
Figure 7-7: Arthrospira spp. scum (Cyanophyta) accumulating at the west corner of
Eli effluent lagoon, following dominant southeaster wind direction.........................68
Figure 7-8: Temperature, Chlorophyll a, dissolved oxygen (DO) and pH of ECWWSP
measured with YSI sondes  ........................................................................70
Figure 7-9: DO in ECWWSP in the inlet, reed beds outlet and control outlet measured
by YSI sondes........................................................................................................72
Figure 7-10: ECWWSP hypothetical stratification, showing a very different water
quality between daytime and night time and at different depth during daytime.......73
Figure 7-11: 3 months old V. ziganoides root system..............................................74
Figure 7-12: Chlorophyll a concentration by acetone extraction in the inlet, reed beds
outlet and control outlet.........................................................................................76
Figure 7-13: Chlorophyll a concentration using the YSI sondes in the inlet, reed beds
outlet and control outlet, during the open phase channel, without pumping 77
Figure 7-14: Chlorophyll concentration using the YSI sondes in the inlet, reed beds
outlet and control outlet during the 24 hours nominal retention time phase 77
Figure 7-15: Chlorophyll j  concentration using the YSI sondes in the inlet, reed beds
outlet and control outlet during the 48 hours nominal retention time phase............ 78
Figure 7-16: The open channel phase was dominated by an eastern wind that is
likely to have created a counter current..................................................................79
Figure 7-17: Chlorophyll ^ concentration along both channels on the 7^*^ of March.. 80
IX
An investigation of floating reed bed root systems as a means of removing suspended algae
Figure 7-18: Algae accumulation in the control channel suggesting that reeds bed 
were able to stop algal scum by acting as a physical barrier against Cyanophyta
scum..................................................................................................................... 81
Figure 7-19: Bird deterrents to control bird population nesting and resting on the
reed beds channel................................................................................................. 82
Figure 7-20: Nitrate and Phosphorus concentration at the inlet, reed beds channel 
and outlet channel, before and after the installation of bird deterrents and netting
against birds..........................................................................................................83
Figure 7-21: Nitrate and SRP concentration within both channels on the 19th of
January and within the 30^  ^of January................................................................... 85
Figure 7-22: Faecal coliforms and E.coH before and after the introduction of bird
deterrents and netting............................. 87
Figure 7-23: Faecal coliform and £co//concentration within the reed beds channel on
the 30^ '' of January..........................................................................  88
Figure 7-24: Zooplankton dry weight on the 15^  ^March 2006................................. 89
Figure 8-1: Aerial view of Pulgul WWTP and 9.2 ML Pulgul effluent lagoon, where the
experimental work took place.................................................................................93
Figure 8-2: Flow going through Pulgul Wastewater lagoon................  94
Figure 8-3: Pulgul wastewater lagoon design 1......................................................95
Figure 8-4: Pulgul wastewater lagoon design 2......................................................95
Figure 8-5: Picture of Pulgul design 2. The prevailing wind direction is indicated by
and arrow..............................................................................................................96
Figure 8-6: Water temperature in Pulgul wastewater lagoon collected with YSI
sondes and meteorological data............................................................................. 99
Figure 8-7: Pandorina spp. arranged in a palmelloid stage on the 9^"^  of February
2007..............     100
Figure 8-8: Temperature, Chlorophyll a, dissolved oxygen (DO) and pH of Pulgul
wastewater lagoon measured with YSI sondes......................................................102
Figure 8-9: Evidence of Pulgul lagoon stratification............................................... 104
Figure 8-10: 3 months old V. ziganoides root system............................................ 106
Figure 8-11: Chlorophyll ^ concentration before the reed beds (SI), in the middle of
the reed beds (S2) and after the reed beds (S4)................................................... 107
An investigation of floating reed bed root systems as a means of removing suspended algae
Figure 8-12: Chlorophyll a concentration before the reed beds, at two different
depth, and after the floating reed beds during a period of active pumping 109
Figure 8-13: Chlorophyta {Pediastrum spp.) intercepted by the extended rhizosphere
of floating reed beds root matrix......................................................................... I l l
Figure 8-14: Chlorophyta {Coelastrum spp.) intercepted by the extended rhizosphere
of floating reed beds............................................................................................ I l l
Figure 8-15: Ciliate protozoa on floating reed beds root system............................ 113
Figure 8-16: Rotifers on floating reed beds root system........................................ 113
Figure 8-17: Microinvertebrates and protozoa populations.....................................115
Figure 8-18: Record of macroinvertebrates succession in floating reed bed root
system.................................................................................................................118
Figure 8-19: Evidence of competition for space. Brachionus spp. was highly
colonising the root system........................................................... 120
Figure 8-20: Gastropod faeces showing green unicellular and Brachionus spp., easily
recognizable by its red eyes spot..............................  121
Figure 8-21: Plot of factor loadings of the second axis against the first axis 123
Figure 8-22: Grazing potential of the main herbivores identified...................... 125
Figure 8-23: An oligochaetae with ingested Chlorophyta {Pandorina spp.) and
Oligochaete faeces containing unidentified Chlorophyta cells................................ 126
Figure 8-24: Oligochaeta with ingested Cyanophyta Arthrospira sp. and excreted. 126 
Figure 8-25: Feeding experiments showing growth of the oligochaetes Aeiosoma spp. 
on various algal species........................................................................................128
XI
An investigation of floating reed bed root systems as a means of removing suspended algae
LIST OF TABLES
Table 1-1: Summary of negative algal impacts on limnic ecosystem for different
sectors.................................................................................................................... 6
Table 2-1: Nutrient uptake capacity of macrophytes...............................................10
Table 2-2: Classification of Lakes In terms of TP&TN concentrations........................11
Table 2-3: Lakes thermal stratification .......................................................... 12
Table 2-4: Settling velocity of different algae groups .............................................12
Table 2-5: Various transport and attachment mechanisms involved in algae
interception by root surface....................................................................................17
Table 2-6: Summary of inhibitory effects of macrophytes on the maximum growth of
two Cyanophyta....................................................................................................21
Table 2-7: Oligochaete abundance in different habitats.......................................... 29
Table 2-8: Oligochaete referenced grazing rate......................................................29
Table 2-9: Grazing rate of snail species recorded in the literature.......................... 31
Table 2-10: The different mechanisms involved in the prevention of algae growth
and on the elimination of preformed algae............................................................. 33
Table 5-1: Difference in chlorophyll a concentration between the Inlet and the outlet
of the controls tanks and the tanks covered with reed beds....................................54
Table 5-2: Average outlet concentration and standard deviation of 5 samples for the
10 days experiment............................................................................................... 55
Table 6-1: ECWWTP discharge licence....................................................................59
Table 7-1: Micro-invertebrate list with feeding pattern and observed ingested algae
cell.......................................................................................................................112
Table 7-2: Macro-invertebrate list with feeding pattern and observed ingested
organisms............................................................................................................ 116
Table 7-3: Spearman coefficient of correlations (non parametric test) between 
invertebrates and environmental variables............................................................ 119
XII
An investigation of floating reed bed root systems as a means of removing suspended algae
LIST OF EQUATIONS
Equation 2-1: Principal parameters in relation to phytoplankton biomass..................8
Equation 2-2: Light intensity in relation to effect of light on phytoplankton growth:..8 
Equation 2-3: Michaelis-Menten dynamic of nutrient concentration applied to primary
production  ................................................................................................ 9
Equation 5-1: Equation for chlorophyll a concentration from spectrophotometer
absorbance............................................................................................................41
Equation 7-1: Carbonate buffering system............................................................. 73
XIII
An investigation of floating reed bed root systems as a means of removing suspended algae
LIST OF ABBREVIATIONS
APHA= American Public Health Association 
AWWA= American Water Works Association
CSIRO=Australian Commonwealth Scientific and Research Organization
DHM= Diel Horizontal Migration
D0= Dissolved Oxygen
DW=Dry Weight
EA= Environment Agency
EP=Equivalent Population
EPA= Environment Protection Agency
EXWWSP= Eli Creek WasteWater Stabilisation Pond
HBCC= Hervey Bay City Council
NATA= National Association of Testing Authorities
PAR= Photosynthetically Available Radiation
PCA= Principal Component Analysis
SRP= Soluble Reactive Phosphorus
SS= Suspended Solid
TN= Total Nitrogen
TW=Thames Water
WBWC = Wide Bay Water Corporation
WEF= Water environment federation
YSI=Yellow Spring Instruments
YOY= Young Of the Year (fish)
XIV
An investigation of floating reed bed root systems as a means of removing suspended algae
1 INTRODUCTION
1.1 What are floating reed beds?
Floating reed beds consist of macrophytes growing on a floating raft. The raft is 
constructed of coir (coconut fibre), mounted on floating pipes. The coir is secured 
with netting (Figure 1-1).
Rccd aerial part
Coir secured with netting 
Pipes
Reed root system
Figure 1-1: Schematic representation of a floating reed bed raft.
Macrophytes are planted in a coir matrix supported by netting attached to a frame 
constructed from plastic pipes.
Macrophytes are used worldwide in wetlands and constructed wetlands for 
wastewater treatment. Both are recognized technologies (Kadlec et a!., 2000) 
Constructed wetland provide a low-cost method of wastewater treatment. 
Macrophytes are present in most natural limnic systems and are believed to play an 
important role: it has long been noted that water tends to be less turbid if aquatic 
vegetation is present (Schreiter, 1928). The correlation between macrophyte 
abundance and water turbidity has been acknowledged by many authors and was 
first summarised in the 2-states theory by Scheffer (1993). Macrophytes also 
promote wildlife. Two bird species listed under the red list species from the Royal 
Society for the Protection of Birds (RSPB, 2002) are linked to reed beds: The bittern 
(Gilbert et a!., 2005) and the Savi's warbler {Locustella luscinioides). Both became 
extinct from the UK in the 19th century mainly because of drainage (Andrews &
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Ward, 1991). Today, they have re-established though their population is still very 
low. Three endangered moths are also associated with reed beds. They are the reed 
leopard moth {Phragmataecia castaneae), the dotted footman {Pebsia muscerda) 
and the Webb's wainscot {Archanara sparganii).
Floating reed beds have a number of potential advantages over rooted macrophytes. 
Macrophytes are limited to shallow water and are therefore usually restricted to the 
edge of aquatic systems, whereas floating reed beds are not restricted to the edge of 
the water system and can cover an entire water body. Floating reed beds can be 
added to existing water bodies such as water reservoirs or wastewater lagoon and do 
not require any additional land, reducing land costs, especially in expensive urban 
areas. Floating reed beds can also be easily moved around a water system and can 
follow water level fluctuation reducing the risk of their drying and dying out.
More importantly to this study, floating reed bed technology brings a new dimension 
to macrophyte treatment: The root matrix is hanging down in the water column 
instead of being buried in the sediments or in the constructed wetland gravel bed.
The submerged root matrix might be able to intercept particles in suspension such as 
algae.
Up to today, the main application of reed bed technology is wildlife enhancement. 
Floating reed beds attract waterfowl and have been used by the Environment Agency 
(EA) to enhance nesting and resting zones for birds.
Floating reed beds are also used to increase the treatment performance of shallow, 
narrow wastewater lagoons at Cherry Burton, Yorkshire. The plant performance was 
believed to be "surprisingly good"' by Nuttall et a!. (1997) (considering the high 
hydraulic load of the tertiary treatment system) with Suspended Solids (SS) removal 
efficiency of 69.3%.
Similar results have been obtained, using free floating macrophytes: Kim & Kim 
study (2000) reveals that the suspended solids (SS) concentration from a pond 
planted with water hyacinth was 2 to 13 mg L'^  lower than that from a covered pond, 
where only settling was taking place. Authors believed the difference observed was 
due to algae being trapped within the water hyacinth root system. Hart et at. (2003) 
found that at an effluent flow rate of 20 Lmin ^ one square metre of long rooted 
hydroponic Vetiver zizanioides can remove 30,000 mg total nitrogen in eight days.
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Billore et a!. (1998) found that 42% of the dry weight of water hyacinth was due to 
trapped organic matter. Similarly, a secondary treatment system, consisting in the 
floating macrophytes pennyworth {Hydrocotyle umbellata) removed 90% of SS 
(DeBusk eta!., 1989).
There is little scientific knowledge on constructed wetland microfauna composition, 
distribution and ecology, besides the information available on the bacterivorous 
activity of ciliates (Decamp et a!., 1999). A recent study (Puigagut et a!., 2007) 
shows that the cilitated protozoa and microflagellates are the most represented 
microfauna groups in terms of abundance in constructed wetlands. Nematodes 
represent the most abundant group in primary effluent whereas Philodinidae rotifera 
are the main group in secondary effluent. Regarding floating reed beds, there are no 
records of which organisms are likely to develop within floating reed beds root 
system apart from the observation of Lemna minor and Spirodeia oiigorhiza roots, 
with light microscopy by Zuberer (1984), revealing a variety of micro organisms 
including bacteria, Cyanophyta, Chlorophyta, Bacillariophyta and occasionally 
protozoa.
1.2 Significance of algae control in water and wastewater 
reservoirs
Algae are a diverse group of organisms once thought to belong to a single class of 
plants. Algae vary greatly in size, shape and colour however, and the only feature 
they have in common is the pigment chlorophyll a, used for photosynthesis.
Many algae are unicellular. In some cases a varied, indeterminate number of cells 
live in an irregular and unorganised mass. Such structured groupings are called 
colonies. Cells can be rearranged in thread-like chains called filaments. Filaments can 
be solitary or in groups and branched or unbranched. Algae can be motile or non- 
motile and some algae (Cyanophyta) produce toxins. There is a great variability in 
cell wall characteristics between each algae group. All these features determine algae 
straining characteristics, their edibility and palpability.
Algae play a crucial role in limnic ecosystems. As primary producers, algae form the 
base of the pelagic food web which culminates with fish. Algae also constitute the 
primary source for continuous daytime renewal of oxygen, an essential element for 
most aquatic organisms (Reynolds, 1999).
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Algae growth follows a S-shaped growth curve following Monod model (1949) and is 
therefore exponential. As a consequence, algae biomass can increase dramatically 
within a short period of time and can form scum at the surface of water bodies 
(Figure 1-2).
■mm
Figure 1-2: Wastewater lagoon affected by an algal bloom of the Cyanophyta 
Arthospira spp.
Minute algae can aggregate together and form a potentially toxic and smelly scum 
at the surface of reservoirs.
Periodic algal blooms represent a significant threat to water production at Thames 
Water surface water treatment plants in the River Thames valley. During an algal 
bloom period, the run length of a rapid gravity filter may reduce from several days to 
a few hours (Bayley et a!., 2001). Rapid blinding of primary filters leads to increased 
backwashing, potentially lowering deployable output.
Algae can also be responsible for odour and taste formation (Thames Water, 2003) 
as well as causing health risks due to the production of toxins (Hoogenboezem et aL, 
2004). One incident occurred on Palm Island in Queensland in 1979. Complaints of 
bad taste and odour were received regarding the water supply, which were 
attributed to a bloom of Cylindrospermopsis raciborskii. The authorities treated the 
reservoir with copper sulphate and within a week numerous children developed 
severe hepato-enteritis and a total of 148 people required hospital treatment. It is 
believed that the dead algae cells released toxins that were not removed by the 
water treatment plant (Byth, 1980).
When wastewater is reused for irrigation purposes in dry areas such as in Wide Bay 
Water Corporation (WBWC) Queensland, Australia, clogging up of irrigation devices 
such as sprinklers is also a commonly encountered problem. A high concentration of 
Cyanophyta also prevents farmers from using the wastewater for the irrigation of
An investigation of floating reed bed root systems as a means of removing suspended algae
crop for human consumption. Algae prevention/removal was identified as the 6^  ^
water reuse research priority in a report from the Australian Commonwealth 
Scientific and Industrial Research Organisation (CSIRO, 2001). When the irrigation 
system can promote the chance of human contact, such as "flood irrigation", water 
companies adopt the recreational water guideline of 15,000-20,000 cells mL'  ^
(O'Halloran, 2007).
Algal blooms can also develop in farm dams used for cattle. It is interesting to note 
that one of the strategies suggested by the Queensland Department of Natural 
Resources and Water (NRW, 2006) in its "Preventing blue-green algae bloom" fact 
sheet is to introduce aquatic plants such as free-floating and floating macrophytes 
with attached roots.
Recreational ponds or farm ponds may also grow large amounts of algae that can be 
responsible for fish kills (in particular salmonids) and macrophyte eradication (Moss, 
1998). The Environment Agency, formerly known as the National River Authority 
(1990) reported dog and sheep deaths through algae toxin absorption. Recreational 
activity such as swimming might also be impacted by the presence of algae as they 
are aesthetically unpleasant and can be an irritant to skin. Human death by heart 
failure was reported in Wisconsin after bathing in a "scummy" pond. Blood test 
confirmed the presence of the toxin anatoxin-a (Williams, 2004).
Excessive algae growth can be responsible for a number of issues and its control 
would be of benefit to a wide range of sectors such as drinking water industries, 
wastewater industries, farmers, and local councils (Table 1-1).
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Table 1-1: Summary of negative algal Impacts on limnic ecosystem for different 
sectors
Sector/industry Direct impacts of the presence of 
algae
Ultimate impacts of the 
presence of algae
Drinking Water 
industry
Decrease in primary filter run 
length
Decrease in deployable 
output
Water wasted in increased 
backwashing
Presence of potentially lethal 
toxins in drinking water
Serious human poisoning/ 
death
Unpleasant odour and taste in 
drinking water
Consumer complaints
Waste Water industry 
(Wastewater reuse)
Production of potentially lethal 
toxins that prevent wastewater 
from being used for irrigation 
purposes
Surplus of wastewater that 
has to be discharged in the 
environment.
Crop death without water 
supply
Farming Clogging of irrigation devices Crop death/increase in 
labour to unclog irrigation 
devices
Farm dams toxic for cattle Cattle poisoning/ death
Local councils (When 
reservoir is used for 
leisure)
Non-aesthetic, smelly and 
potentially dangerous 
environment.
Consumer complaints 
Human poisoning/death 
Fish kills
Now that the different issues related to algae growth in limnic ecosystem have been 
identified, the next step is to understand how floating reed beds technology might 
impact on algal population. It will then be possible to distinguish the financially and 
logistically realistic applications of floating reed beds technology.
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1.3 Introduction to the impacts of floating reed beds on 
algal niche
Floating reed beds modify a freshwater ecosystem's physical, chemical and biological 
properties and thereby directly and indirectly interfere with algal population (Figure 
1-3).
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Figure 1-3: Potential mechanisms involved in floating reed bed technology for 
algae control.
It is important to note that floating reed beds may potentially be used for two 
different applications and that each mechanism will have a different importance 
depending on the application.
• Prevention of algae growth
Elimination of preformed algae.
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2 REVIEW OF THE DIFFERENT MECHANISMS THOUGHT 
TO BE INVOLVED IN  FLOATING REED BEDS FOR ALGAE 
CONTROL
2.1 Shading
As primary producers, phytoplankton and macrophytes have a common source of 
energy: photons from the sunlight. Macrophytes are responsible for a reduction in 
depth of the euphotic zone, potentially to zero directly below an installation. 
Phytoplankton biomass (p) is directly influenced by temperature, light and nutrients 
concentration (Equation 2-1):
Equation 2-1: Principal parameters in relation to phytoplankton biomass
= max*® T*® L*® N
p : Phytoplankton biomass 
p max : Maximum growth rate 
GT : effects of temperature on growth 
8L : effects of light on growth 
8  N : effects of nutrients on growth
Effect of light intensity was defined by Steele (1962):
Equation 2-2: Light intensity in relation to effect of light on phytoplankton growth 
(Steele, 1962):
e L = I/Is*exp(l-I/Is)
8L : effects of light on growth 
I: light intensity
Is: optimum (saturating) light intensity
The light intensity (I) under floating reed beds is zero as no radiation can go through 
the thick mat formed by the coir and the macrophytes. As a consequence, 0 |_ =0
and phytoplankton biomass p =0. Floating reed beds can stop algae proliferating by 
shading mechanism.
A one-week long field experiment conducted by Voros (2003) showed a dramatic 
97% difference in algal biomass in enclosures where only 1% of the Photosynthetic 
Available Radiation (PAR) was received by the surface water.
Although algae cells might be prevented from proliferation by shading, they will not 
be removed from the water system, unless the retention time under the reed beds is
8
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long enough to allow sedimentation (section 2.3.2). Shading might prevent algae 
growth but is likely to have a minimal impact on removing preformed algae, when 
present in large number, such as during an algal bloom (Figure 1-2).
2.2 Nutrient uptake
Phytoplankton biomass is directly dependent upon nutrient concentration, following 
the Michaelis-Menten dynamic (Equation 2-3).
Equation 2-3: Michaelis-Menten dynamic of nutrient concentration applied to 
primary production (Michaelis & Men ten, 1913)
p^ P ^JS ]
P= Primary Production Rate 
Ks= Michaelis-Menten constant 
[S]= Nutrient concentration
Macrophytes, epiphytes and phytoplankton all require the same nutrients for their 
growth: carbon, nitrogen and phosphorus being the most important ones required in 
what is known as the Redfield ratio C:N:P being of 106:16:1 (Redfield, 1934). By 
convention if the ratio N:P is less than about ten, nitrogen limitation is considered to 
be a possibility (Stephen et a!., 1998) unless high level of all nutrients are present in 
the water. The presence of floating reed beds might decrease nutrients 
concentration and thereby prevent algae growth.
Macrophytes have been reported to decrease nutrient concentrations in freshwater 
ecosystems. Meijer at at. (1994) noted a decrease in nitrogen concentration when 
macrophytes were covering more than 50% of four lakes studied. Marion & Pallisson 
(2003) found that vegetated microcosms were more than two times more effective 
at reducing concentrations of total phosphorus (TP) and total nitrogen (TN). Scirpus 
validus was particularly effective and plant mixtures were not recorded to be more 
effective than monocultures.
Nutrient uptake by macrophytes might be difficult to quantify, as macrophytes are 
associated with micro-organisms that also required nutrients. Edwards et aL 
estimated that direct nutrient uptake by Phalaris arundinacea in a constructed 
wetland constituted only between 5 and 1.5% of the annual input. Nevertheless, 
macrophytes (or macrophyte/epiphytic symbiosis) are routinely used for wastewater 
treatment and have been proven to reduce nutrient concentrations. Water hyacinth
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was proven very successful (Sooknah & Wilkie, 2004) with total Kjeldahl nitrogen 
reduced by 91.7%, ammonium by 99.9%, Total Organic Nitrogen by 98.5% and 
Soluble Reactive Phosphorus (SRP) by 96.5% in 31 days. Macrophytes species have 
different nutrient uptake capacity (Table 2-1).
Genus Common name Nitrogen (kg ha yr'^) Phosphorus (kg ha yr‘ )^
Typha latifo lia Reedmace 111-2630 8-400
Phragmites sp Common reed 750-2450 25-199
Phalarissp Reed canary grass 80-1200 23-140
Lemna sp Duckweed 350-6110 116-800
Eichhornia sp Water hyacinth 420-5850 105-1260
Macrophytes on floating reed beds are growing in a very different substratum 
(i.e.water) than macrophytes in constructed wetland, and one might wonder if their 
nutrient uptake capacity is similar. There is only one referenced study on the use of 
floating reed beds for nutrient uptake. Hart et a!. (2003) found that at an effluent 
flow rate of 20 Lmin'\ one square metre of long rooted hydroponic Vetiver 
zizanioides can treat 30,000 mg total nitrogen in eight days.
Nonetheless nutrient limitation has been excluded as a possible explanation for 
phytoplankton decline in numerous studies (Stephen et aL 1998; Timms & Moss, 
1984; Schrlver et a!., 1995). Roijackers et a!. (2004) conducted a series of 
experiments involving phytoplankton and duckweed {Lemna sp.) in compartments. 
After only 6 days, the 10 mgL'  ^ nitrogen initial concentration dropped to 0 mgL^ 
when phytoplankton was present whereas in the absence of phytoplankton the 
concentration dropped only to 9.5 mgL'\ Similar results were obtained for 
phosphorus. This study highlights that although algae might be capable of negatively 
affecting macrophyte growth through nutrients depletion, the reverse is probably not 
true.
Critical nutrient concentrations for algae growth is very low (oligotrophic conditions) 
and the reduction in nutrient concentrations necessary to achieve oligotrophic 
condition seems difficult to achieve (Table 2-2).
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Table 2-2: Classification of Lakes In terms of over wintering concentrations of
Trophic status Totai P (mg L'^  as P) Total N (mgL^ as N)
Oligotrophic <0.005 <0.2
Mesotrophic 0.005-0.03 0.2-0.5
Eutrophic 0.003—0.1 0.5- >1.5
In addition, a group of algae, the Cyanophyta, is capable of fixing atmospheric 
nitrogen, and is therefore able to grow at significantly lower nitrogen concentrations. 
These results suggest that it is very difficult to prevent algal growth by limiting 
nutrients availability by using floating reed beds as competitors for nutrients uptake, 
let alone eliminating preformed algae.
2.3 Hydraulics
Although some algae are capable of regulating their depth (i.e. Cyanophyta with gas 
vesicles and Chlorophyta with flagella), water flow direction is the main component 
that determines the distribution of algae in the water column (Harris G.P., 1986). 
The distribution of algae in the water column is very important as it determines the 
amount of solar energy each algal cell receives.
Wind, temperature and inlet and outlet flow induce motion in surface water bodies. 
Motion in surface waters results in both horizontal and vertical currents, which carry 
dissolved and suspended material such as algae through the water body (Harris G.P. 
1986). In man-made reservoirs artificial currents, such as those induced by pumping, 
are common. The introduction of floating reed beds might Interfere with both natural 
and artificial currents present in water bodies.
2.3.1 Horizontal current
Horizontal mixing is mainly wind induced and consists in the displacement of surface 
particles: Algal cells tend to accumulate on one side of a reservoir. The presence of 
floating reed beds might stop that phenomenon occurring by acting as a physical 
barrier against algae scum. Algae might also concentrate in front of the rafts.
2.3.2 Vertical currents
Vertical mixing Involves wind and temperature. The upper layer of a water body 
heats up under the influence of sunlight energy. The density of water is maximal at 
4°C and therefore for water temperature higher than 4°C, water density decreases
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with an increase in temperature. As a consequence, the warmer upper layer tends to 
float and to separate from the lower, colder and denser water. The upper layer is 
termed as epilimnion and the lower layer as hypolimnion and the water body is said 
to be stratified. They are separated by a thermocline that acts as a barrier and there 
is therefore no exchange between the two layers.
As the epilimnion cools down, temperature difference with the hypolimnion 
decreases until the epilimnion sinks, creating what is termed as convection currents, 
leading to the whole water column to mix, a phenomenon called turnover. Turnover 
frequency is dependent on climate. Lakes have been classified following their thermal 
stratification (Table 2-3).
Table 2-3; Lakes thermal stratification (Hutchinson & Loffler, 1956)
Lake type Characteristics
Amictic lakes No vertical mixing, sealed off 
perennially by ice
Holomictic lakes Complete vertical mixing at least once a 
year
Cold monomictic 
lakes
Water temperatures never greater than 
4°C and with one circulation in the 
summer at or below 4°C.
Warm monomictic 
lakes
Water temperatures never drop below 
4®C, they circulate freely in the winter 
at or above 4°C and stratified in 
summer
Dimictic lakes Cool temperate regions, high elevations 
in sub tropical regions. Spring and 
Autumn turnover
Oligomictic lakes Equatorial regions with high humidity. 
Rarely mixed.
Polymictic lakes Shallow lakes. Frequently mixed.
Scheffer (1999) suggests that the presence of macrophytes promote algae sinking 
beyond the euphotic zone, where photosynthesis (and multiplication) is limited. 
Literature suggests that settling rate velocity of algae in quiescent conditions is very 
slow (Table 2-4) highlighting the high retention time required within a system to 
achieve algae natural "sinking" under the euphotic zone.
Algae group Settling rate velocity (cm d-1)
Cyanophyta 0.8-2
Bacillaryophyta 2-5
Chlorophyta 0.8-2
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2.3.3 Artificial currents
In the hypothesis that floating reed beds are positioned next to a reservoir outlet, 
the artificial flow created by a pump might be influenced by the presence of floating 
reed beds. It is likely that different flow paths will develop as shown in Figure 2-1.
k- Rmdpath
Slow path
Figure 2-1: Different hydraulic paths might develop under floating reed bed with 
developed root system
The algae present in the slower hydraulic path might be eliminated to a certain 
extent by physical and biological filtration through the root matrix. Algae might, 
however, pass under the root system by the rapid hydraulic path or be transferred 
quickly around a non-covered part of the system, where they will be able to 
photosynthesise. This emphasises the need for the root matrix to extend deep into 
the water column to minimise flow by-passing the roots.
Hydraulic control e.g. by reducing the velocity of flow might be able to improve 
removal of preformed algae by preventing by-pass currents.
The introduction of floating reed beds might influence the hydraulics of a water 
system in different ways. Horizontal currents transporting surface algae might be 
stopped by the rafts, the potential suppression of vertical currents might promote 
algae sedimentation. Certainly, the presence of floating reed beds is likely to 
promote different flow paths, which must be understood if floating reed bed 
performance is to be optimised.
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2.4 Interception
The capacity of the root matrix to intercept algae in suspension in the water is likely 
to be dependent on:
• The particle size, in this case algae.
• The mesh size, in this case the space between root hairs.
Algae range from 5 pm to over a centimetre in the case of filamentous algae. As the 
root system constitutes a three-dimensional matrix, the space between root hairs can 
be considered a three dimensional space or void. Initially each void is around 1 mm  ^
(approximation after microscopic observation from author). As the root system 
matures, however, other materials that get enmeshed within the roots are likely to 
further reduce these voids. Figure 2-2 gives a perspective of root void in relation to 
algae size.
Filamentous or colonial algae such as Cyanophyta in general and Mdosira spp., 
Spirogyra spp. and many Cyanophyta, seem to be directly strained by root hairs. 
Strained algae might not be captured permanently as a variation in flow pattern may 
cause their re-suspension. If strained algae are retained within the roots long enough 
however, they might be removed permanently from the water by grazing organisms. 
Algae might also decay and become more palatable in a detritus form, "detritus" 
being a non-living organic matter that has begun to be attacked by bacteria (Olivier, 
1971)
Some algae, such as Chlamydomonas spp. or Asterionella spp. seem too small to be 
retained by straining, requiring other mechanisms to be involved for these algae to 
be retained within the roots. The same applies to short filaments or colonies that are 
also smaller than the root "void".
14
eutuCT
■ST3
C
Kto3
to
CT
C
■g
I
§
1
e
aic
'■4_>
§
m
a i
c
<
4 "
U UJ
\
i l l Ln
An investigation of floating reed bed root systems as a means of removing suspended algae
2.4.1 Straining mechanisms
Filtration often involves larger voids than the particles to be removed however, and 
mechanisms other than straining have been extensively described. These 
mechanisms are usually divided into three sub-mechanisms: Transport, attachment 
and detachment. Transport mechanisms help the particle to encounter the root hair 
and attachment mechanisms permanently remove algae from the water (Table 2-5).
16
An investigation of floating reed bed root systems as a means of removing suspended algae
Table 2-5: Various transport and attachment mechanisms involved in algae
Process Description Diagram Appiication to aigae and 
root system
Sedimentation Settling of the aigae 
on the root surface
Sedimentation is likely to be 
an important transport 
mechanism as it becomes 
increasingiy important for 
particies in the 1 to 25 pm 
range (Amirtharajah, 1988).
Inertial and
centrifugal
forces
Forces that act on 
particies causing 
them to coliide with 
the fiiter media
Inertiai and centrifugai 
forces might piay a roie in 
aigae attachment to root 
system.
Diffusion Very smaii particies 
in iiquids have a 
random movement 
due to the thermal 
energy of the water 
molecules 
(Brownian 
movement)
Diffusion is iikeiy to have a 
minor effect as it mainly 
concern small particle of 
about 1 pm.
Mass
Attraction
Van der Waais 
forces
0 "
Van der Walls forces have a 
limited range of 0.1 micron. 
Mass attraction is therefore 
Iikeiy to be of minor 
importance as a transport 
mechanism but might be of 
importance as an 
attachment mechanism.
Hydrodynamic In laminar flow, the 
water veiocity varies 
from zero at the root 
surfaces, to a 
maximum at the 
root "void" centre.
Hydrodynamic forces might 
play a role in algae 
attachment to root system.
Electrostatic Particies with unlike 
charges are 
attracted together. 
Over-saturation 
ieads to charge 
reversai.
Algae and roots are usually 
negatively charged and 
electrostatics are Iikeiy to 
push roots and aigae apart.
Adhesion Zoogioeai siime 
forms a sticky 
surface. Mostiy 
poiysaccharides 
with added 
peptides/proteins 
and iipids 0
Roots produce exudates 
which attract bacteria, 
some of them producing 
sticky poiysaccharides that 
are iikeiy to trap aigae. 
Adhesion is therefore iikeiy 
to be an important 
attachment mechanism.
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Kim et al. (2006) found that the surface of the water hyacinth root in suspension in 
water has a negative charge. Algae in suspension are also negatively charged so 
electrostatic attraction forces are unlikely to benefit removal. However, it was found 
that the pH of a water hyacinth pond was decreasing along the flow direction, due to 
algal respiration, releasing H^  ions capable of neutralising the roots negative charge 
and thereby making more surface available for attachment of algae particle (Kim & 
Kim, 2000). Microscopic examination also showed that algal particles were attached 
to the gelatinous material covering the root surface (Figure 2-3) highlighting the 
importance of adhesion.
Figure 2-3: Photomicrographs showing algal cells (arrows) apparently embedded 
in mucilage, a mechanisms called adhesion (Kim & Kim, 2000).
The gelatinous material covering the roots is believed to be part of the rhizosphere. 
The rhizosphere is defined as the zone immediately surrounding roots and modified 
by them (Kadlec et a!., 2000). Root epidermis and root cap cells actively secrete 
poorly diffusible substances of high molecular weight. These primarily consist of 
carbohydrates, but also may contain sloughed cells, enzymes and phenolic 
compounds. In addition, roots produce exudates. These include water, sugars and 
amino acids (Rougier & Chaboud , 1985). Bacteria are able to use these compounds 
for metabolic processes, releasing by-products into the environment such as soluble 
phosphorus and nitrate, which are easily assimilated by roots. Bacteria also release 
sticky polysaccharides that have the capacity to trap particles (Ives, 1980). Algae 
might be trapped by these polysaccharides as well. The rhizosphere can also attract 
higher organisms such as rotifers and macroinvertebrates that feed on the nutrients 
and organic material accumulated on it.
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Associated with attachment mechanisms are detachment mechanisms that might 
cause algae to go back in suspension. Detachment mechanisms might be important 
when the water flow increases. A whole part of the biofilm might detach at once and 
be re-suspended. However, secondary sedimentation might also take place, 
depending on the biofilm density: Embedded particles might sink and be deposited 
within the sediment where they are decomposed further. Secondary sedimentation 
also removes algae permanently from the water column.
2.4.2 Root morphology
Root growth pattern is genetically controlled and therefore is mainly dependent on 
the particular species of macrophytes. Emergent aquatic macrophytes are all 
monocotyledonous angiosperms, but there is a great variability in the root system 
between species. The first root of a germinating seed usually grows directly 
downward and is known as the primary root. The branches from this primary root 
are called secondary or lateral roots. If the primary root remains the largest root of 
the plant with all other roots branching off from it, it is known as a taproot. When 
numerous, long, slender roots of about equal size are developed they are known as 
fibrous roots. Many grasses have fibrous roots (Hill eta!., 1960).
Adventitious roots can also develop. They are roots that grow out of unusual places 
(i.e. root growing from stems) and are typical of Poacea. Underground horizontal 
stems can also develop. They are called rhizomes. Rhizomes bear scale-like leaves 
and auxiliary buds and often produce root at the nodes. When rhizomes become 
enlarged at the growing tips by accumulation of starch they form a tuber. Buds and 
tubers eventually become stems (Hill eta!., 1960).
Root morphology is also modified by the environment. Thinner and longer roots 
enhance the uptake of nutrients from the environment. As a consequence, 
macrophytes growing in nutrient-poor environments tend to have a more developed 
root system. In microcosm experiments, lateral roots of water hyacinth were 2.43 
times longer and 1.97 times denser on low-P than in high-P treatment (Xie & Yu,
2003). Lateral root diameter also decreased when grown in low-P condition (Figure 
2-4).
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Figure 2-4: Morphological variation in a lateral root of water hyacinth as a 
response to phosphorus availability.
The results showed that the morphology of lateral root changed significantly as a 
functional response to P availability: H indicates high-P application rate (4.8 gm2 
per year), and L indicates low-P application rate (0.6 gm2 per year) (Xie & Yu, 
2003).
Instead of growing extensive root systems, macrophytes tend to produce large 
numbers of shoots in eutrophic systems.
Prairie plants such as Phalaris arundinacea are typically inefficient at absorbing 
nutrients and have to develop an extended root system referred to as fibrous. These 
plants are very efficient for the control of bank erosion. Another example of a plant 
with a fibrous root system is Vetiver grass ( Vetiver zizanioides), which was first 
developed by the World Bank for soil and water conservation in India in the mid 
1980s. It is now being used for bioengineering technique for steep slope stabilization 
and wastewater treatment (Vieritz et ai., 2006).
V. zizanioides fibrous root system is commonly reported to reach 2m(Vieritz et ai. 
2006) depths and is resistant to a wide range of pH and heavy metals. As a 
consequence, V. zizanioides has been used in a wide range of applications such as 
effluent treatment, nutrients uptake, bank stabilisation, land remediation and erosion 
control (The Vetiver Network International, 2007).
Preformed algae might be removed from the water column by interception 
mechanisms, if the algae containing water comes into contact with the root system. 
Interception mechanism does not apply to preventing algae growth.
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2,5 Allelopathy
The term allelopathy denotes the production of specific biomolecules by macrophytes 
that can harm algae. Macrophytes release allelochemicals that inhibit algal growth. 
Compounds responsible for algae growth inhibition vary among macrophytes. 
Hydrolysable tannins were extracted from Myriophyllum brasUience, phenylpropanoid 
and four fatty acids were extracted from Pistia stratiotes, sulphur compounds were 
extracted from charales (Nakai et a!., 1999), polyphenols extracted from 
Myriophyllum spicatum (Nakai et ai., 2000), ethyl ether extracted from water 
hyacinth Eichhornia crassipes Qtu et ai., 1991).
All these compounds are unstable and are therefore rapidly degraded once released 
into the environment. The concentration at which different macrophytes inhibited 
normal algal growth of Microsystis aeruginosa and Anahaena fios-aquae by 50% 
denoted as the EC50 concentrations are summarized in Table 2-6.
Table 2-6: Summary of inhibitory effects of macrophytes on the maximum growth 
of two Cyanophyta represented using the EC50 value g (wet weight) (Nakai etaL
Macrophytes Microcystis aeruginosa Anabaena fios aquae
E.densa 7 3
C.caroUnia 8 7
M.spicatum 1 3.5
C.demersum 2.5 5
E.adcularis 2 3
P.oxyphyllus 2.5 -
P.crispus - -
Lsessiliflora 5 -
V.denseserrulata 5.5 -
Algae sensitivity varies with the algae species and macrophytes involved. This is 
termed as species-species inhibitory effects. Experiments show that coexistence 
assays -  the continuous exposure of algae to macrophytes- were much more 
efficient in limiting algae growth than the continuous addition of extracted 
compound, highlighting the importance of continuous addition of allelochemicals to 
effectively control algae growth (Nakai et ai. 1999).
Cyanophyta are much more sensitive to macrophytes than other algae. This may 
explain why the relative share of Cyanophyta in the phytoplankton community of 
reed beds is often low (Timms & Moss 1984; Sch river et ai. 1995; Hasler & Jones, 
1949).
21
An investigation of floating reed bed root systems as a means of removing suspended algae
2.6 Primary grazing
2.6.1 Introduction
Primary grazing refers to the filtering capacity of free-swimming herbivorous 
organisms also called zooplankton. Stands of macrophytes have shown to act as a 
refuge for zooplankton from fish predation (Timms & Moss 1984; Stansfield et aL, 
1997). Floating reed beds might also act as a refuge for zooplankton, thereby 
encouraging the depletion of algae population through primary grazing.
Cladocera are the most efficient filter feeders among the freshwater communities 
(Mourelatos & Lacroix, 1990). As a consequence most studies refer to Cladocera. The 
importance of cladoceran body size being the main factor influencing grazing activity 
(Mourelatos & Lacroix 1990), particular attention is usually given to one of the 
largest and most common cladocera: Daphnia spp {F\qure 2-5).
Figure 2-5: Daphnia spp. that has ingested algae (green gut)
For comparison, cladoceran filtration rate was estimated at 3.8mL per animal per day 
whereas copepods filtration rate was estimated at only 1.4mL per animal per day 
(Jorgensen et aL, 1991). The cladoceran population is closely related to the algae 
population. Figure 2-6 shows how the collapse of the algal population in Farmoor 
reservoir (London, UK) was closely followed by the collapse of the Cladoceran 
population in mid-May.
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Farmoor Mixed Layer Algal Populations
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Figure 2-6: Model prediction of Farmoor Reservoir algal population and cladoceran 
population (with acknowledgment to A. Steel, Thames Water).
Cladoceran population follows algae population as they are linked by the food 
chain.
It can also be observed in Figure 2-6 that the June Cyanophyta bloom is not followed 
by an increase in Cladoceran population. This can be explained by the fact that 
Cyanophyta are not easily palpable and are not able to sustain a high zooplankton 
population.
Several studies have associated the presence of Cladoceran with a low algal density. 
Stansfield et aL (1997) reported that a relatively low chlorophyll a concentration 
(<25|ig/L) can be maintained for a cladoceran population >30 individual L'L He also 
suggested that zooplankton population elimination was delayed where extensive 
stands of macrophytes were present in early summer, suggesting that macrophytes 
were providing a refuge from predation to zooplankton.
Many authors demonstrated the refuge theory: Lauridsen at ai. (1996c) found out 
that during day light hours the density of Daphnia spp. was up to 1766 organisms L'^  
in a zone with emergent macrophytes while at a sampling station 5m out the density 
was only 162 organisms L \
2.6.2 Zooplankton refuge theory
The refuge theory states that zooplankton have a better chance of escaping fish 
predation by hiding in an entangled matrix such as a root system. The lower
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predation pressure in macrophytes seems to come from the difficulties for fish to 
penetrate dense macrophytes (Winfield, 1986; Engel, 1988) and the increase of 
predation risk for fish themselves (Persson & Klov, 2007), as fish can swim away 
faster in open water. Another factor lowering predation pressure is the reduced light 
intensity in macrophytes. Planktivores typically visually locate their prey and 
macrophytes create a low light intensity environment that affect predation rate 
(Shapiro, 1990).
In addition, macrophyte stands are often an active decomposition zone, due to the 
presence of decaying organic matter. This may create a region of low dissolved 
oxygen, that is tolerable by zooplankton but not by fish. This may result in fish kills 
when oxygen levels drop below 4mgL'\ or lead to diel movement of fish within the 
plant bed to avoid low DO in the morning. HzS formation has even been recorded 
(Shapiro, 1990).
It has been reported that zooplankton migrate from macrophytes to open water at 
night and go back to macrophytes cover at dawn. This phenomenon is known as Diel 
Horizontal Migration (DHM) (Lamport, 1993). Lauridsen e t aL (1996c) found that 
during the night the density of Daphnia spp. in open water increased from 2 
individuals L'^  to 162 individuals L'\
Perrow et ai. (1999), however, suggest that DHM is not sufficient to protect a 
Daphnia spp. population, as many common fish species, particularly Young Of the 
Year (YOY) cyprinids, are capable of feeding in darkness.
The capacity of macrophytes to limit zooplankton decline is dependent upon obvious 
factors such as plant type (Irvine et ai., 1990) and plant density. Stansfield et ai. 
(1997) and Engel (1988) found that cladoceran abundance was positively associated 
with increasing macrophyte cover. Engel (1988) suggested fish had difficulties in 
penetrating macrophyte stands of density higher than 300g Dry Weight/m^.
Perrow et ai. (1999) suggests that zooplankton decline can be limited by the 
presence of macrophytes but not eliminated. Lauridsen et al (1996) suggested that 
small dense macrophyte beds may be better refuges than larger beds of the same 
density as Daphnia spp. tend to aggregate at the edge of the bed when seeking 
refuge.
Another factor is the density and composition of the planktivorous fish present in the 
vegetation. For example Schrlver (1995) found a poor refuge effect of macrophytes 
even at low densities of YOY planktivores if the proportion of the water column 
occupied by macrophytes was lower than 10-15%. Perrow et ai. (1999) suggested
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that the proportion of the water column occupied by macrophytes should be of at 
least 30-40% to provide an adequate refuge. There appears to be a critical threshold 
of planktivorous fish, above which the zooplankton refuge effect disappears- 
between 2 and 5 fish per m^  (Schriver etaL 1995) and at about 4 per m^  (Perrow et 
aL 1999).
2.6.3 Piscivore refuges
The relative proportions of planktivorous and piscivorous fish have also been shown 
to influence the effectiveness of macrophyte beds as a zooplankton refuge (Schriver 
et aL 1995). Some authors suggest that piscivores use macrophytes as refuges for 
predation purposes. Pike, for instance, lay hidden amongst the vegetation during the 
day and wait for a prey to go past. The direct effect of promoting piscivores is the 
reduction of zooplanktivorous stock, inducing an increase in zooplankton and a 
higher grazing pressure on phytoplankton. Typical behavioural responses of 
zooplanktivores to predators include habitat shifts and a reduction in activity 
(Jacobsen et aL, 1997). Indirect effects of piscivorous predation pressure therefore 
include a decrease in feeding/reproduction activities that further encourage 
zooplankton population and in turn phytoplankton decline. Habitat shift mainly 
consists in avoiding piscivores. As a consequence young roach stay in the open water 
when pike are present. Perrow et aL (1999) suggested that the place vacated by 
roach may then be available to zooplankton, supporting the zooplankton refuge 
theory. On the other hand it was observed that the presence of piscivores induced 
YOY piscivores perch to seek refuge in macrophytes (Jacobsen etaL, 1997). Persson 
& klov (2007) suggested that the association of small fish with macrophytes was not 
due to the enhancement of the foraging opportunity but was a typical behavioural 
response to potential predation risk, or perceived perception risk, such as bird 
predation. Nonetheless both theories lead to Daphnia spp. to move back to their 
preferred open water habitat.
Piscivores are very often zooplanktivores at the early stage of their life. Piscivores are 
very efficient foragers within structured environments and young perch have been 
reported to be responsible for the depletion of zooplankton even within dense 
macrophyte stands (Perrow et ai., 1999). Some authors have argued that any refuge 
effect is nullified by the presence of large numbers of YOY fish in macrophyte- 
dominated habitats, themselves concentrated in macrophyte stands by the risk of 
predation in open water (Jacobsen et ai., 1997). Jeppesen (1997) believes that YOY
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fish play a very important structuring role in lake ecosystem, by being responsible for 
the mid-summer decline in zooplankton.
Another issue is the potential shift In fish feeding behaviour: If a planktivore 
population decreases sufficiently piscivores may become planktivores (Shapiro, 
1990). Population dynamics are complex and ever changing, depending on numerous 
factors and it is likely that more than one effect is responsible for the mid-summer 
collapsing of zooplankton population.
2.6.4 Potential opposite Impacts of primary grazing
The refuge theory seems controversial due to the unpredictable behaviour of the 
zooplankton population and of the fish population. In addition, Gliwicz (1975) 
reported that where zooplankton grazing is high, small edible algae tend to be 
suppressed and larger indigestible algae can become dominant.
Stansfield et a!. (1997) and Perrow et a!. (1999) noticed a shift in the cladoceran 
community within macrophytes strands. Daphnia spp. were replaced by other 
Cladocera that are less vulnerable to fish predation (Kairesalo et ai., 1997) such as 
Simocephaius vetuius, Ceriodaphnia spp., and Sida spp. do not undertake DHM, or 
only to a limited extent. All the latter Cladoceran species are smaller than Daphnia 
spp. and have therefore a lower filtering capacity.
Zooplankton populations seem unable to maintain a relatively low algal population, 
unless present in large numbers. The refuge theory seems subject to a lot of 
unpredictability and it can therefore not be established that floating reed beds will be 
able to maintain a high zooplankton population. In any case, it is unlikely that 
primary grazing would cope with a sudden increase in numbers of pre-formed algae.
2.7 Secondary Grazing
2.7.1 Introduction
Following interception of algae by the root system, secondary grazing allows the 
permanent removal of trapped algae by organisms living within the reed beds root 
system. In contrast to primary grazing, secondary grazing gives time to organisms to 
develop as algae are trapped within the reed beds root system.
This mechanism implies that aquatic herbivorous organisms will live within floating 
reed beds root system. As already mentioned (section 1.1), there are no records of
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which organisms are likely to develop within floating reed beds root system but for 
the observation of Lemna minor and Spirodeia oiigorhiza roots, using with light 
microscopy by Zuberer (1984), revealing a variety of micro-organisms including 
bacteria, Cyanophyta, Chlorophyta, Bacillariophyta and occasionally protozoa.
In normal water bodies, microbial communities are subject to a predictable 
succession described by Patterson (1996) as follows:
The succession begins with the growth of bacteria. Bacteria often enhance the 
productivity of water bodies by making organic matter available to other organisms. 
Bacteria play an important role by decomposition processes that release mineralised 
nutrients that can be utilised by primary producers (Atlas & Bartha, 1993).
Predators that eat bacteria, grow fast, and are most tolerant will appear next. These 
are usually small flagellated protozoa.
The flagellates will reduce the number of bacteria so that the demand for oxygen will 
lessen and the water body will become more oxygenated. Rapidly growing ciliated 
protozoa which also eat bacteria and some small amoebae are usually next to 
appear. They are followed by slow growing ciliates and amoebae which are often 
specialized to eat restricted types of food (e.g. filamentous algae, other ciliates). 
Ultimately, organisms with a slow rate of reproduction will appear. This includes the 
dilate Stentor spp, rotifers and nematodes worms. Time and the amount of organic 
matter present in the water are critical parameters that determine the status of the 
invertebrate community (Patterson, 1996).
Micro and macro-invertebrates are attracted by macrophytes as macrophytes provide 
a source of food and a surface for attachment and for lying eggs. Many invertebrates 
have a limited ability to digest cellulose or are simply lacking the mouth parts 
capable of puncturing or tearing macrophyte tissues (Calow & Calow, 1975). 
Carpenter & Lodge (1986) suggested that it is the epiphyte-detritus complex present 
at the surface of the macrophytes and not the macrophytes themselves that actually 
represent a source of food for macro-invertebrates.
Macro-invertebrate populations are highly dependent upon the amount of organic 
matter present in the water they live in. In oligotrophic waters, stonefly and mayfly 
nymphs are most abundant, while certain leeches, gastropods and flatworms reach 
their greatest abundance in eutrophic conditions. (Moss, 1998).
Hann (1995) conducted a study on the submerged aquatic plants Ceratophyiium 
demersum, Chara vuigaris and Potamogeton zosteriformis. Colonizing invertebrate 
species were generally similar for the three plants. The study reports that the most
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abundant macro-invertebrates were the oligochaete Chaetogaster spp., and the 
Gastropoda with respective concentrations of 31.5 and 16.5 individual per gram dry 
weight (DW) of plant tissue. The oligochaete Chaetogaster spp. seemed to favour C. 
demersum and P. zosteriformis rather than C. vuigaris. Preferences were not 
detected for Gastropoda.
A similar study by Hargeby (1990) compared the macro-invertebrate population of 
the perennial Chara tomentosa L with the annual Niteiiopsis obtusa which dies back 
in autumn. C. tomentosa L had a diverse fauna with many Aseiius aquaticus L. and 
Gammarus iacustris, together with Chironomidae, while N. obtuse was mainly 
colonized by Chironomidae.
In freshwater ecosystems 3 important periphyton grazers where identified by 
Bronmark & Weisner (1992):
• Oligochaetae
• Chironomidae
• Gastropoda
These organisms are going to be studied, together with protozoa and rotifers as 
some of these organisms exclusively feed on algae and they are consequently going 
to be described in the following sections. Special attention will be given to critical 
parameters that will highly influence secondary grazing efficiency. These critical 
parameters are:
• Grazing/filtering rate
• Abundance and capacity to respond quickly to an increase in algae 
loading (high reproduction rate)
• Diet (some organisms might selectively choose one algae group 
against another)
• General resistance that will help in the stability of their population.
2.7.2 Oligochaete worms
2.7.2.1 Oligochaetes generalities and distribution in various habitats 
The Oligochaeta is a large taxon with over 3000 species worldwide. They are usually 
found in the mud and detritus of the pond bottom, in the tangles of filamentous 
algae or floating on the surface. These worms are voracious feeders and examination 
of the gut along the length of the animal often reveals protozoa, rotifers, diatoms 
and other algae. Different oligochaetes abundances for different habitats are 
recorded in Table 2-7.
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Table 2-7: Oligochaete abundance in different habitats
Habitats Abundance Reference
Lake benthos 900x10^ per m^ Hargrave (1969)
Brackish river sediments 56-83 xlO^ per m^ Arit & Saad (1977)
Slow sand fiiter 60cm deep 49.5-1194 xlO^ per m^ Lauridsen & Lodge (1996b)
Slow sand fiiter 95 cm deep 12569 xlO^ per m^ Lodge (1979)
Macrophyte wetland 
{Equisetum fluviatilês
13,400 to 20,900 per m^ Kairesalo & Koskimies (1987)
Wetland prairie 5-30 per g (DW) Hann (1995)
2.T.2.2 Oligochaetes diet
Literature review reveals very different estimation of grazing rate for oligochaetae 
(Table 2-8). Stylaria spp. preferred diet was found to be the diatom Nitzschia spp 
(Streit, 1978). The study also reports that the green Scenedesmus spp was not 
ingested at all.
Species Grazing rate References
Stylaria spp. 0.79|ig carbon h^ Streit (1978)
Oligochaetae 42 Jig carbon h^ Bronmark & Vermaat (1998)
Oligochaetae 1.65 -  7 X 10"* mg P d^ Kairesalo & Koskimies (1987)
It is difficult to find correspondence for grazing rate with different unit. If we apply 
the Redfield ratio (section 2.2), Streit (1978) grazing rate of Stylaria spp. 
corresponds to Kairesalo & Koskimies (1987) grazing rate as 0.79pg carbon h'^  
converts into 1.7 10"* mg P d '\ Bronmark & Vermaat (1998) grazing rate however, is 
about 100 times higher.
2.7.3 Chironomidae
2.7.3.1 Chironomidae generalities and distribution in various habitats 
There are over 10,000 Chironomidae species spread through the world (Hurley,
2004). Chironomidae have a four life cycle stages (Apperson, 2003), three of them 
being aquatic. The larvae stage involves the construction of small tube made of 
detritus that enlarges as the larva grows. Chironomids often dominate in early spring 
and though Bronmark & Vermaat (1998) rightly states that their grazing impact is 
nullified after pupation, in some systems chironomidae larvae are present all year 
round (Hurley, 2004). Chironomidae abundances in macrophytes wetland planted 
with Equisetum fiuviatiie has been reported to be between 2.800 and 5,800 
individuals per m^  (Kairesalo & Koskimies, 1987).
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2.7.3.2 Chironomidae Diet
Out of the 6 freshwater subfamilies, only 1 is carnivorous (Tanypodinae) although 
many species that are known to be carnivorous also ingest algae and detritus. The 
remaining 5 subfamilies are microphagous, feeding on small plants, animals and 
detritus. Among the algae feeders, most feed on diatoms or algae detritus (Olivier, 
1971). Referenced grazing rates for Chironomidae was estimated by Bronmark & 
Vermaat (1987) as 21pg carbon h'L
2.7.4 Gastropod
2.7.4.1 Gastropods generalities and abundance in various habitats
Gastropods are a very diverse and complex class. Freshwater gastropods are divided 
in two groups: the Pulmonata and the Prosobranchia. Gastropods are large 
macroinvertebrates and therefore have a greater potential to absorb large algae cells 
and in larger quantities. Snails are equipped with a radula, a horny rasp-like organ by 
means of which the animal scrapes algal matter off the surface of stones and rooted 
plants. Snails are present-and therefore active- all year round (Vermaat, 1994). 
Several studies (Bronmark & Vermaat, 1998; Kairesalo & Koskimies 1987) suggest 
that snails are responsible for periphyton decline. Periphyton removal rate is less 
effective in prosobranchs probably due to difference in the dentition of their radula 
(Barnese et a!., 1990). Gatropoda abundances in macrophytes wetland planted with 
Equisetum fiuviatiie has been reported to be of 25 individuals per m^  (Kairesalo & 
Koskimies, 1987)
2.7.4.2 Gastropoda diet
Calow (1973) found that the pulmonate Ancyius fiuviatiiis had a preference for 
certain algal taxa, namely:
Diatoms > Chlorophyta unicellular >Chlorophyta filamentous>Cyanophyta
Ancyius fiuviatiiis became less discerning during conditions of hunger however 
(Calow, 1973). Another gastropod group, the Lymnaeids, showed a preference for 
Chlorophyta, as they possess a more active cellulase, capable of digesting the green 
algae cellulose coat. Calow (1975) noticed a positive correlation between food
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preference and assimilation efficiency. Temperature and body size were also 
correlated with absorption rate. Referenced grazing rates are recorded in Table 2-9.
Table 2-9: Grazing rate o1 snail species recorded in the literature
Species Grazing rate Algae References
Ancyius fiuviatiiis Muii. 520 Jig C hr‘^ Diatoms
Achnanthes
Bronmark & Vermaat (1998)
Lymnaea peregra 0.048-0.06 mg P Kairesalo & Koskimies (1987)
By using the Redfield ratio (section 2.2) 520 jig C hr‘  ^converts into 0.11 mg P d'L As 
already mentioned, however, snail grazing is highly correlated with snail size.
2.7.5 Protozoa
2.7.5.1 Protozoa generalities and abundance in various habitats
Protozoa is a 'kingdom' that contains organisms that do not entirely fulfil the animal 
or plant kingdom characteristics. They usually have different attributes from both 
kingdoms. Protozoa exhibit an enormous range of body form, even though they are 
largely microscopic, mainly ranging in size from 10-200 pm. Protozoa are traditionally 
categorised in 4 groups, 3 of them being important in freshwater ecosystem: the 
ciliates, the amoeba and the flagellates. Ciliates form an extremely large group 
distinguished by the possession of cilia. A lot of ciliates are colonial.
2.7.5.2 Protozoa diet
Average food particle size as a function of cell size for filter-feeding protozoa such as 
ciliates and flagellates is usually below 1:10 (Fenchel, 1987).
2.7.5.3 Protozoa general resistance
Most protozoa are aerobic but can tolerate low DO of about 1-2 mgl'L Many ciliates 
have an optimum pH range between 6 and 8. Protozoan populations increase with 
increasing temperature. In the field, correlation is not always found as other factors 
impacts on ciliated protozoa. An increase in temperature can promote ciliate 
predators for instance (Fenchel, 1987).
2.7.6 Rotifers
2.7.6.1 Rotifers generalities and
Rotifers are small animals, ranging in size from 100 to 1000 microns. There are two 
freshwater orders: the Bdelloidea and the Monogononta. Rotifers with an extended
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foot are particularly adapted to benthos colonisation. All bdelloideas have a well- 
developed foot. Within the Monogononta order, the foot of Brachionus spp. is 
reduced and mainly used for attachment rather than locomotion (Doohan, 1975). 
Most rotifers encountered are females that reproduce parthenogenetically for most of 
their occurrence. Duration of life varied according to species and season. The 
average life duration in most species barely exceed 2 or 4 weeks (Donner, 1956). 
Average doubling time of rotifer population at 20°C is 1.22 days (i.e. birth rate of 
0.57 d'^) (Doohan, 1975).
2.7.6.2 Rotifers diet
Bdelloids can survive on bacteria alone but they are largely detritivores, feeding on 
suspended and flocculated particulates matter. They break up floe particles, 
providing nuclei for further floe formation. Rotifers also participate in the formation 
of floes through the production of faecal pellets constituted of undigested material 
bound together by a mucus secretion. Particulates trapped in the mucus which forms 
the tubes of some rotifers are removed from suspension. The family Brachionidae, 
common in stagnant ponds, is usually algivorous (Doohan, 1975). The filtering rate 
of the large Brachionus caiycifiorus estimated as 0.1 pg C ind'  ^ d'  ^ at 12°C and 
as O.Sjig C ind'  ^d'  ^at 20°C (Stelzer, 2006).
2.7.6.3 Rotifers general resistance
Most rotifers have very fine tolerance limits for the variety of minerals which affect 
the pH. For instance if the pH is higher than 7, the number of individuals might be 
very high but there are few species present (Doohan, 1975). Planktonic rotifers are 
relatively insensitive to temperature between 12 and 28°C (Donner, 1956).
2.7.7 Secondary settling
Secondary settling refers to the accumulation of algae within the root system 
followed by the detachment and sedimentation of the accumulated dead and live 
material. Algae accumulate within the root system and start to decay potentially 
gaining density and promoting algal sedimentation. Also of importance might be the 
formation of faeces such as snail faeces that are known to have a high density. 
Secondary settling is a direct consequence of secondary settling and is therefore not 
involved in preventing algal growth.
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2.8 Conclusion
Table 2-10 summarises which of the mechanisms described above are likely to be 
important for preventing algae growth and which mechanisms are likely to be 
important in the elimination of pre-formed algae.
Table 2-10: The different mechanisms involved in the prevention of algae growth
Mechanisms Prevention or elimination?
Shading
Prevention
Hydraulic Elimination/Prevention
Allelopathy Prevention
Interception Elimination
Primary grazing Prevention
Secondary grazing Elimination
Secondary settling Elimination
Nutrients uptake Prevention
Considering the size of drinking water reservoirs in London, it would be very
optimistic to hope to prevent algae growing in such large surface area without
covering a large surface and therefore a large cost. In addition, covering a large 
surface could have adverse side effects such as preventing atmospheric oxygen 
diffusion.
Regarding wastewater lagoons, it would actually be disastrous to prevent algae 
growing as algae are the main source of oxygen in the water. It was therefore 
decided that this work would concentrate on the elimination of preformed algae 
rather than preventing algal growth. The main mechanisms to be studied are
therefore as indicated in Figure 2-7.
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InterceptionHydraulic
Secondary settling
Secondary grazing
Figure 2-7: Main mechanisms thought to be involved in the elimination of 
preformed algae by floating reed beds.
The hydraulics of a water system will get algae in contact with the root matrix of 
the floating reed beds. Once in contact, the root matrix will intercept the algae by 
different attachment mechanisms, leading to either secondary grazing by 
organisms living within the root matrix, or leading to secondary settling due to 
detachment mechanism responsible for aigae settlement within the sediments. 
Secondary grazing can enhance secondary settling by the formation of faeces with 
a higher density, or by the formation of aigae-containing floes.
It must be said that although only interception, secondary grazing and secondary 
settling are going to be studied, every mechanism described is likely be involved to 
some extent in the elimination of pre-existing algae.
34
An investigation of floating reed bed root systems as a means of removing suspended algae
3 AIM AND OBJECTIVES
The main objective of this study is to gain evidence of floating reed beds roots acting 
as a matrix to physically filter algae from the water column. Macrophyte root 
structure when immersed in water is not known and will be investigated in this 
report. Ultimately macrophytes showing a root matrix suitable for algae removal, in 
term of size and morphology, will be selected and used for further study.
The second objective of this study is to investigate the biological components of the 
floating reed beds. Floating reed bed root systems represent a new ecosystem which 
has never been studied in the past. It is intended to investigate the ecological 
succession of organisms living within floating reed beds root matrix and investigate 
their capacity to permanently remove algae from the water column through 
secondary grazing.
To summarise, this report aims to answer the following questions:
• Does the root matrix filter algae?
• Are there differences in macrophyte root morphology and do they 
influence floating reed bed efficiency?
• Which herbivores are living within the floating reed bed root matrix?
• Are those herbivores able to permanently remove significant quantities 
of algae from the water column?
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4 EXPERIMENTAL WORK; INTRODUCTION
The experimental work was initially set up at Thames Water Utilities research centre, 
located at Kempton Park, London, UK. Due to algae blooms having a seasonal 
occurrence, with chlorophyll a concentration over the winter period usually falling 
below 10 pg L \  experimental work over the winter period was therefore limited. It 
was therefore decided to set up a second site for experimental work in the southern 
hemisphere. An opportunity emerged to work in partnership with Wide Bay Water 
Corporation (WBWC), Hervey Bay, Queensland, Australia. Studies were carried out in 
a WBWC wastewater lagoon, which typically contained a very high chlorophyll a 
concentration (usually higher than lOOpgL' )^.
4.1 London, UK with Thames Water Utilities
Thames Water Utilities is the UK's largest water and wastewater services company 
with over 4,000 employees providing service round the clock to 13 million customers 
across London and the Southeast of England. Thames Water owns and operates 12 
reservoirs, 100 water treatment plants and 349 sewage treatment plants.
Most of the river water sources are stored in bank-side storage reservoirs prior to 
treatment for potable use.
The reservoirs are multistakeholder environments, with interested parties ranging 
from individuals and clubs, sailing and angling, through to government departments, 
in particular English Nature and the Environmental Agency.
Kempton Park Advanced Water Treatment (AWT) comprises a Research and 
Development facility nested between Thames Water reservoirs (Figure 4-1).
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Figure 4-1: Kempton Park, London, UK.
Kempton Park (circle) is situated between Thames Valley reservoirs (Source: 
Google
All water stored in the Thames valleys reservoirs is eutrophic with concentration of 
about 5mg for TN and of 1 mgL^for TP (Bayley et a!., 2001). The high nutrients 
concentrations combined with increasing light availability, promote the formation of 
algal "blooms" in spring (Bacillariophyta) and summer (Chlorophyta and 
Cyanophyta). Blooms tend to last a few weeks at a time with chlorophyll a 
concentration in the mg l ' \  During these periods, the challenge to production can be 
extremely serious.
In September 2003, one of the works outputs (Hampton AWTW) fell from over 
600ML d'^  to around 350 MLd'^  due to a slick of predominantly Cyanophyta residing 
in the QE2 reservoir outlet tower. Target raw water chlorophyll a concentrations of 
less than 5 pgL'  ^ average and 15 |igL'  ^ peak have been found advisable for efficient 
filter operating (Bayley eta/., 2001).
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4.2 Hervey Bay, Queensland, Australia with Wide Bay 
Water Corporation.
In arid and semi-arid areas such as Queensland, reclaimed water can be a vital 
drought water source to ensure economic and agricultural activities. Following 
Koppen climate classification, Hervey Bay has a humid subtropical climate (Figure 
4-2). These climates usually occur in the interiors of continents, or on their east 
coasts, between the latitudes of 25° and 40° (46°N in Europe). The humid 
subtropical climate is a climate zone characterized by hot, humid summers and chilly 
to mild winters. Most summer rainfall occurs during thunderstorms and an occasional 
tropical storm or hurricane.
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Figure 4-2: Hervey Bay, Queensland, Australia.
Hervey Bay (circle) is located is a sub tropical region where freshwater can be a 
scarce resource (Commonwealth Bureau of Meteorology).
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Queensland is the Australian state with the highest water reuse with 11.6% of 
wastewater being reused mainly for irrigation purposes (the current national sewage 
effluent reuse being 7%). A pilot survey undertaken by Dillon (2000) on behalf of 
AWA on water reuse research priorities in Australia highlights that algae 
prevention/removal is the 6 ^^ research priority in Australia.
Wide Bay Water Corporation is the first local government owned corporation in 
Queensland, providing water and wastewater services to the city of Hervey Bay. The 
corporation is wholly owned by Hervey Bay City Council (HBCC) and governed by an 
independent Board of Directors working under the Queensland Local Government 
Owned Corporations Act. Wide Bay Water Corporation (2007) owns and operates two 
dams, two water treatment plants and six sewage treatment plants. Typical effluent 
nutrients concentrations in Queensland are 25-50mg L^ for TN and 8-12 mgL'  ^for TP 
(ERA, 2007).
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5 MATERIALS AND METHODS 
5.1 Chlorophyll ^acetone extraction
5.1.1 Reason for monitoring
Chlorophyll a is present in most photosynthetic organisms and provides and indirect 
measure of algal biomass. Water bodies with high level of chlorophyll a (5-140pgL'^) 
are classified as eutrophic (Chapman, 1996).
5.1.2 Principie
The procedure involves filtration of the sample to concentrate the chlorophyll 
containing organisms, mechanical rupturing of the collected cells, and extraction of 
the chlorophyll from the disrupted cells into the organic solvent, acetone. The extract 
is then analyzed by spectrophotometric method using the known optical properties of 
chlorophyll.
5.1.3 Safety Precautions
• Samples and extract have to be protected from light, as this will cause 
chlorophyll j  degradation.
• Hydrochloric acid is a strong acid and should be handled with care. 
Avoid inhalation of fumes.
• The spectrophotometric determination can significantly under or over 
estimate chlorophyll a concentration due to the overlap of absorption 
and fluorescence bands and co-occurring pigments and chlorophyll 
degradation products.
5.1.4 Sampling
• The first metre of the water column is sampled using a bailer.
• The sampled water is placed in a IL water rinsed plastic container and 
transported to the laboratory in an ice box.
• Any floating material such as leaves have to be removed from the 
sample.
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5.1.5 Extraction
• A known volume of water sample (V2) is filtered through a 47mm GFC 
filter membrane (porosity of 0.45 pm)
• The membrane is then placed in a tissue grinder together with 3 mL 
of acetone 90% and macerated.
• The sample is transferred to a screw capped centrifuge tube and the 
volume adjusted to lOmL with acetone 90%.
• The tube is refrigerated overnight.
The tube iss centrifugated for 10 minutes at 2000 rpm and the total 
volume of the clarified extract is recorded (VI).
5.1.6 Measurement
• The spectrometer P-E Lambda EZ 201 is set up to zero using acetone 
90% at X=725n.
• 3mL of the clarified extract is transferred to a 4cm cuvette.
• The absorbance is read at X=750nm and X=665nm (A750b and 
A665b)
• The extract is acidified in the cuvette with O.lmL of O.IN HCI.
• The absorbance is read at l=750nm and À=665nm, 90 seconds after 
acidification. (A750a and A665a)
5.1.7 Calcuiation
Chlorophyll a concentration can be calculated following equation 5.1:
Chlorophyll a = - Cteesa-ArspiO3xri
V I= Extract volume in L 
V2= volume of sample In m^
L=Light path length in cm (4)
Equation 5-1: Equation for chlorophyll a concentration from spectrophotometer 
absorbance.
5.2 Nutrients analysis using Flow Injection Analysis (FIA)
5.2.1 Flow Injection Analysis principle
Flow injection analysis (FIA) is an automated method for introducing an exact portion 
of a liquid sample into a continuous carrier stream. The sample is introduced using 
an injection valve with a fixed volume sample loop. On leaving the injection valve, 
the sample is dispersed in the carrier stream, forming an asymmetric Gaussian 
gradient in analyte concentration.
The Lachat's QuikChem® 8500 Flow Injection Analysis System was used for the 
determination of Nitrate and orthophosphate concentrations in water samples.
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5.2.2 Sample collection and preparation
• The first metre of the water column is sampled using a bailer.
• The sampled water is stored in a IL water rinsed plastic container and 
transported to the laboratory in an ice box.
• Any floating material such as leaves have to be removed from the 
sample.
• lOOmL of sample is filtered using a 50 mL single use syringe with 0.45 
pm cellulose acetate filter with a 1 pm pre-filter and transferred to a 
lOOmL plastic container.
• Transfer filtered sample to a vial and position into tray.
The sample Is automatically taken by a sample probe arm that 
incorporate wash bath to eliminate cross contamination.
5.2.3 Nitrate analysis
5.2.3.1 Reason for monitoring
Nitrate is an essential nutrient for aquatic plants. Concentrations in excess of 
O.ZmgL-lNOs-N tend to cause eutrophication (Chapman, 1996). Nitrate comes from 
the nitrification of ammonia that is present in fertilisers (NH4NO3) and from the 
degradation of uric acid (present in birds urine) and urea (present in human urine).
5.2.3.2 Principle
Nitrate in solution is quantitatively reduced to Nitrite by passing the sample through 
a copperised cadmium column at a pH of 8 . The nitrite (reduced nitrate + original 
nitrite) is then determined by diazotization with sulphanilamide under acidic 
conditions to form a diazonium ion which is coupled with (NEDD), N-(l-Naphthyl) 
ethylenediamine dihydrochloride, forming a pink dye absorbing at 540 nm.
Nitrate alone can be determined by taking the cadmium column off line, re­
calibrating and reanalysing the sample. The concentration of nitrate can be 
determined by subtracting the nitrite concentration from the corresponding TON 
concentration. Refer to the National Association of Testing Authorities (NATA) 
accredited procedure for Soluble Nutrients (2007) for details on reagents 
preparation.
5.2.4 Orthophosphate analysis
5.2.4.1 Reason for monitoring
Phosphorus is an essential nutrient for living organisms and exists as both dissolved 
and particulate species(Chapman, 1996). SRP or orthophoshate occurs as HPO/' 
and a small percentage of POa'.Source of SRP can include: failing septic systems,
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animal waste, fertilizers, decaying plants and animals, and resuspension from the 
lake bottom (Tippecanoe Environmental Lake & Watershed Foundation 2005).
5.2.4.2 Principle
The orthophosphate ion (P0 4 ‘^) reacts with ammonium molybdate and antimony 
potassium tartrate under acidic conditions to form an antimony phosphomolybdate 
complex. This is then reduced with ascorbic acid to form an intensely blue coloured 
complex absorbing at 880 nm. The peak area is proportional to the concentration of 
orthophosphate in the sample. Refer to the National Association of Testing 
Authorities (NATA) accredited procedure for Soluble Nutrients (2007) for details on 
reagents preparation.
5.3 Faecal coliforms and E.coU Membrane filtration 
method
5.3.1 Reason for monitoring
Eco//is abundant in human and warm-blooded animals included ducks.
Literature suggests reeds may promote E.coH.
5.3.2 Procedure
• A known volume of water sample is filtered through the membrane 
filtration apparatus.
• The membrane from the funnel is removed using sterilized forcepts
and roll the membrane, grid-side upwards on to a Membrane Lauryl
Sulphate (MLS) agar plate.
• The Petri dish is incubated in an inverted position, in a humid 
atmosphere at 30°C ±0.5 °C for 4 hours.
• The Petri dish is incubated in an inverted position, at 44°C to 44.5°C
for 14 hours to 16 hours.
• The number of presumptive Faecal coliforms and E.coli is counted
Identification of presumptive Faecal coliforms and E.coH
• E.coli colonies are lemon yellow, flat, and 2 mm to 3 mm in diameter.
• Faecal coliforms may be as follow:
• Lemon yellow, flat and less than 2 mm
• Darker yellow, flat or slightly convex
• Orange-yellow, convex, and may or may not be mucoid
• Yellow mucoid
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5.4 Zooplankton Dry weight
5.4.1 Reason for monitoring
Zooplankton dry weight gives an indication of the zooplanktonic activity in the water.
5.4.2 Procedure
• A known volume of water is filtered.
• The filtrate is dried in an incubator at 60°C for 72 hours.
5.5 Yellow Spring Instruments (YSI) multi-parameters 
water quality sondes
5.5.1 YSI 6 Series V2 Multiparameter sonde (Model 6600)
Three 6600 YSI compact sonde were used for unattended monitoring and to 
measure multiple parameters simultaneously. The sondes were programmed to give 
a reading every half an hour and were fitted with 3 sensors:
• DO sensor
• pH sensor
• chlorophyll j  sensor
Each sensor was calibrated every 2 weeks. DO and pH sensor were calibrated using 
a standard solution delivered by the laboratory. The chlorophyll a sensor was 
calibrated using a series of dilution of the water to be analysed, whose chlorophyll a 
concentration had previously been determined by acetone extraction (section 5 .1 ).
The sondes were positioned at a depth of 0.5m. Sondes results for chlorophyll a 
analysis are therefore different than samples of water analysed by acetone extraction 
that represent an average of the first meter of the water column.
5.5.2 DO
5.5.2.1 Reason for monitoring
DO is considered as the necessary element to support aquatic life and oxygen
deficiency is fatal to many forms of aquatic life. It is often expressed in term of
percentage of saturation (that takes water temperature into consideration). 
Variations in DO can occur over 24 hours periods in relation to biological activity such 
as photosynthesis (Chapman, 1996)
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S.5.2.2 Principle
Oxygen is reduced to hydroxide ion at the cathode and silver metal to be oxidized to 
silver chloride at the anode. The oxygen diffuses through the Teflon membrane. The 
current associated with this process is proportional to the oxygen present in the 
solution outside the membrane(YSI, 2006).
5.5.3 pH
5.5.3.1 Reason for monitoring
pH influences many biological and chemical processes. Diel variations in pH can be 
caused by the photosynthesis and respiration cycles of algae in eutrophic waters 
(Chapman,. 1996). pH governs the solubility and spéciation of ions and hence their 
bioavailability to plants.
5.5.3.2 Principle
The probe is a combination electrode consisting of a proton selective glass reservoir 
filled with buffer at approximately pH 7 and a Ag/AgCI reference electrode that 
utilizes electrolyte that is gelled. A silver wire coated with AgCI is immersed in the 
buffer reservoir. Protons (H+ ions) on both sides of the glass (media and buffer 
reservoir) selectively interact with the glass, setting up a potential gradient across 
the glass membrane. Since the hydrogen ion concentration in the internal buffer 
solution is invariant, this potential difference, determined relative to the Ag/AgCI 
reference electrode, is proportional to the pH of the media.
5.5.4 Chlorophyll a
5.5.4.1 Principle
Most chlorophyll systems use a light emitting diode (LED) as the source of the 
irradiating light that has a peak wavelength of approximately 470 nm. LEDs with this 
specification produce radiation in the visible region of the spectrum with the light 
appearing blue to the eye. On irradiation with this blue light, chlorophyll resident in 
whole cells emits light in the 650-700 nm region of the spectrum. To quantify the 
fluorescence the system detector is usually a photodiode of high sensitivity that is 
screened by an optical filter that restricts the detected light. The filter prevents the 
470 nm exciting light from being detected when it is backscattered from particles in 
the water (YSI, 2006).
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5.6 Epiphytic micro and macro invertebrates
5.6.1 Sampling
Sampling for micro and macro invertebrates has to be done with great care as live 
organisms are able to detach from the root system and can swim away if they feel 
endangered. The following protocol ensures minimal stress to organisms (refer to 
Figure 5-1):
1) Lower a sealable plastic container into the water.
2) Place the plastic container under the reed bed root system and slowly lift it up 
until roots are contained within it.
3) Cut the roots with a pair of scissors at the top end of the plastic container
4) Seal the plastic container when still underwater
5) Transport the plastic container to the laboratory within a container filled with 
sampled water to prevent stressing sampled organisms.
Back to the 
laboratory
]e
Figure 5-1: Epiphytic micro and macro-invertebrate sampling
5.6.2 Procedure
Micro and macro-invertebrates were first identified live as ethanol (used here as 
fixing agent) can be responsible for distortion of organisms that can make 
identification difficult. Bick (1972) was used for protozoan identification and Croft 
(1986) for macro-invertebrates identification.
The subsequent stages were followed (refer to Figure 5-2):
6 ) Transfer a root sub-sample to a lOmL tube. Record the sub-sample root 
length.
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7) Add 70% ethanol to the lOmL tube
8 ) Shake the lOmL tube gently to detach as many organisms as possible
9) Transfer the sub sample to a ImL slide together with the ethanol used for 
extraction
10) Observe, identify and count organisms on the root sub sample and on the 
ethanol used for extraction, using a microscope, at magnification xlOO and 
x400.
11) Transfer root to a 250mL beaker and rinse with tap water.
12) Shake roots and filter through a 45pm sieve. Repeat the operation 4 times. 
Use 70% ethanol instead of tap water the fourth time.
13) Transfer filtrate to 50mL tube
14) Transfer the root into a container
15) Incubate the root for 24 hours at 60°C.
16) Weigh the root sample
17) Observe, identify and count organisms in the filtrate, using a low powered 
microscope, at magnification x45.
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Macro-invertebrates
Transfer root to a250mL 
beaker and rinse with tap water 
orDW.
Y
Micro-invertebrates
*
Shake roots
Repeat 4 times
Use 70% ethanol Instead 
DWthe fourth time
Fllterthrough 
a 45pm sieve
60®C for 24 hours
Transfer roots to incubator O
O Transfer filtrate to 50m L tubei
Scale
<1bserve filtrate at X45
Transfer a root sub­
sample to a 10mL tube
Add 70% Ethanol
Shake to detach as 
many organisms as 
possible1
Transfer to a 1mL slide
Observe roots and solution 
atXIOO and x400
Figure 5-2: Procedure for micro and macro-invertebrate identification
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6 INVESTIGATION INTO THE CAPACITY OF THE ROOT 
SYSTEM OF TWO DIFFERENT MACROPHYTES SPECIES 
{PHALARIS ARUNDINACEA AND PHRAGMITES 
AUSTRALIS) TO INTERCEPT THE FILAMENTOUS 
CYANOPHYTA APHANIZOMENON FLOS-AQUAE.
6.1 Introduction
From the literature review, the first step in algae control by floating reed beds is 
thought to be the interception of suspended algae. The main purpose of this 
experiment was to test the hypothesis that the macrophyte root system was able to 
intercept algae in suspension in the water column. Each individual cell of the 
Cyanophyta Aphanizomenon flos-aquae is about 15pm long but form filaments that 
can in turn form flakes of up to a couple of centimetre in length 
Macrophytes root growth and structure were recorded. Two macrophytes species 
were chosen:
• Phragmites australis is the most commonly used reed species for 
constructed wetland, due to its extended roots system that can reach 
up to 2 m in soil (Haslam, 1970).
• Phaiaris arundinacea is used for bank stabilisation because of its 
fibrous root system. It is rarely used for constructed wetland as its 
root system tends to be shallow.
Three characteristics of root systems are of importance for intercepting algae:
• Root length: The deeper a root system, the greater the amount of 
water filtered.
• Root growth rate: It gives an indication as to how long the floating 
reed beds need to achieve its maximal efficiency.
• Root system general structures. The "porosity" of the root system will 
impact on the hydraulics.
6.2 Experimental layout
A series of replicated experiments were set up in 10 tanks. The tanks were long and 
narrow (4.5m x Im) with baffles to prevent short-circuiting. Tank depth was 2 
metres (reed bed roots system can reach 2m in depth (Haslam, 1970). The 
experimental layout was as follows:
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Six tanks were V2 covered with floating reed beds with a frequency of 
4 plants for each raft of Im^.
Two were V2 covered with Phragmites australis 
Four were V2 covered with Phaiaris arundinaceae 
Four tanks were left open to act as a control
The flow was set up for a nominal retention time of 6  days ± 15 hours. Water 
nominal retention time under the floating reed beds was therefore assumed to be 
half that time that is 3 days ±7.5 hours.
The tanks were only half covered to allow the Cyanophyta A. fios-aquae to 
proliferate in the open section (Figure 6-1).
Reeds 1 Control 1
Floating reedbeds
Water
Flow
Reeds 5
In le t sàmpling%
T
Reeds 2 Reeds 3
Reeds 6
T
Reeds 4
Control 3
Control 2
Control 4
T
Outlet sampling
Figure 6-1: Experimental layout for interception mechanism investigation, 
Kempton Park, UK.
Six tanks were V2 covered with floating reed beds and 4 tanks were left open to 
act as a control.
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6.3 Sample analysis
The rafts were positioned on tanks filled with London water reservoir. London 
reservoirs are eutrophic with phosphorus concentrations of up to 1 mgL'\
The root system was measured on 4 occasions. Each raft was lifted and the longest 
root was measured using a tape measure. Results are presented as an average of 12 
measurements for each macrophytes species.
Pictures were taken to record the differences in root system morphology.
The first metre of the water column of each inlet and each outlet was sampled using 
a bailer. Samples were analysed for chlorophyll a, using acetone extraction following 
the method detailed in section 5.1. Results are presented as an average of the 4 
results obtained from the control tanks and as an average of the 6  results obtained 
from the tanks covered with reed beds.
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6.4 Results
6.4.1 Root lengths
Both P. australis ax\± P. arundinacea an initial exponential growth that reached a 
stationary phase after about 4 months. Both species show a high standard deviation 
of about 33%, reflecting an important variability in root system growth (Figure 6-2). 
The root system remained unchanged during winter period i.e. does not decay.
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Figure 6-2: Root Length of P. arundinacea and P. australis over two years at 
Kempton Part AWT.
Results are the mean of 12 measurements with standard deviations.
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6.4.2 Root morphology.
P. arundinacea (Figure 6-3) root system visually appeared more homogeneous than 
P.austraiis root system (Figure 6-4). P. arundinacea root system was found to be 
similar to grass and can be defined as fibrous. P. austraiis root system was more 
complex, however, producing numerous rhizomes and nodes and tubers.
m
Figure 6-3: Phaiaris arundinacea , Figure 6-4: Phragmites austraiis showing rhizomes 
showing fibrous root system, grown (green) and nodes, grown hydroponically. 
hydroponically.
6.4.3 Chlorophyll a results
Chlorophyll a concentration at the outlet of the tanks covered with reed beds was 
lower than in the control tanks on 2 occasions (day 1 and day 8 ). It has to be noted 
that the ordinate is a logarithmic scale and that standard deviations are very high 
due to the great variability within each tank, due to some of them experiencing algae 
bloom whereas other did not (Figure 6-5).
Another finding of interest is given by the comparison of the inlet chlorophyll a 
concentration between the control tanks and the tanks covered with reed beds, 
showing that Chlorophyll a concentrations were higher in the tanks covered with 
reed beds.
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Figure 6-5: Inlet and outlet chlorophyll a concentration.
Results are the mean of 4 replicates (control) and 6 replicates (reed bed) with 
standard deviations.
Floating reed beds were able to decrease the chlorophyll a concentration for up to 
22% (day 7) whereas the control tanks were usually growing algae with chlorophyll a 
concentration increasing to up to 113% on day 1 (Table 6-1).
Table 6-1: Difference In chlorophyll a concentration between the Inlet and the 
outlet of the controls tanks and the tanks covered with reed beds.
Results are the mean of 4 replicates (control) and 6 replicates (reed bed).
days Control (% ) Reed beds (% )
1 113 -1
3 11 16
7 -3 -22
8 23 -18
9 0 -9
Although inlet chlorophyll a concentrations were higher in the tanks covered with 
reed beds, the average chlorophyll a concentration at the outlets was lower in the 
tanks covered with reed beds. The standard deviation was also lower in the tanks 
covered with floating reed beds (6 8 %) than in the control tank (132%)(Table 6-2).
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Table 6-2: Average outlet concentration and standard deviation (% ) of 5 samples 
for the 10 days experiment.
Control Reed beds
Chlorophyll a concentration (ugL'^) 36.4 14.6
Standard deviation (% ) 132 68
6.4.4 Roots observations
Visual observation shows that some of the A. flos-aquae filaments were intercepted 
by the root matrix (Figure 6 -6 ). Small disturbance does, however, seems to re­
suspend A. flos-aquae (Figure 6-7) highlighting that the attachment between A. flos- 
aquae and roots is weak. Figure 6 -8  shows the weak attachment mechanism 
between a root and A. flos-aquae algae. It appears that A. floas-aquae filaments 
were trapped in the protozoan ciliated stalks. Stronger binding was also noticed, 
however, with evidence of adhesion of A. flos-aquae to biofilm formed on the roots 
(Figure 6-9).
The presence of filter feeders such as rotifers (Figure 6-9) suggests that even small 
algae that can not be strained by the root matrix, might still be removed from the 
water column. Filter feeders create micro-currents directing small suspended 
particles toward their mouth.
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%  '
Figure 6-6: Æ floas-aquae trapped in root Figure 6-7: A light disturbance can be 
matrix responsible for A. flos-aquae to be re­
suspended
1
Figure 6-8: Root showing weak bounding Figure 6-9: Root showing A. flos-aquae 
with A. flakes. (Protozoan ciliates filaments trapped in the detritus associated
Vorticella sp?Lxe visible). with the roots (A rotifer is visible on the left
hand side)
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6.5 Discussion
Phaiaris arundinaceae is rarely used in constructed wetland due to its shallow root 
system. However, P. arundinacea root morphology is more homogeneous than that 
of Phragmites australis, due to its fibrous nature. Fibrous root systems are likely to 
prevent water short-circuiting and will probably constitute a better filter matrix. 
Unlike those grown in soil, hydroponically grown P. arundinacea root system extend 
considerably into the water column. P. arundinacea might therefore be more efficient 
at filtering algae than P. australis.
Up to 22% of A. flos-aqua filaments were trapped by the root system of floating 
reed beds. Algae straining by protozoan ciliates stalks were observed. Some stronger 
adhesion mechanisms were also noticed. As a consequence the tanks covered with 
reed beds produced a more homogeneous water in terms of algae concentration, 
confirmed by a lower standard deviation of 6 8 %.
Inlet chlorophyll a concentrations were higher in the floating reed beds tanks, 
suggesting an accumulation of A. flos-aquae. in front of the raft. The physical 
presence of the raft and the root matrix are probably responsible for some filaments 
being pushed back to the open water and explain the higher chlorophyll a 
concentration recorded. In practice A. flos-aquae filaments are likely to be dispersed 
and would not necessarily accumulate in front of the floating reed beds.
A. fbs aquae blooms were not removed altogether, but chlorophyll a concentrations 
were lower and more consistent, with no sudden peak in chlorophyll a concentration.
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7 INVESTIGATION INTO THE CAPACITY OF THE ROOT 
SYSTEM OF VETIVER GRASS ( VETIVERIA ZIZANIOIDES) 
TO INTERCEPT ALGAE IN  A HYPER EUTROPHIC 
ECOSYSTEM.
7.1 Introduction to Eli Creek Waste Water Treatment
Plant (ECWWTP)
ECWWTP is located in Hervey Bay, Queensland, Australia (section 4.2). The plant 
uses a trickling filter/solid contact process for a capacity of 20,000 Population 
Equivalent (EP) and an average daily flow of 5ML/day.
The plant incorporates the following processes (Wide Bay Water, 1997):
• Pre-treatment, comprising one fully rotary mechanically raked screen 
and one aerated grit removal chamber 
Primary sedimentation (3 tanks)
Trickling or Biological Filtration (2 rock media filters)
Solids contact (1 aerated tank)
Clarification (2 tanks)
Effluent disinfection by chlorination
Aerobic sludge digestion, comprising two primary digesters and one 
secondary digester
• Sludge drying lagoons (2 lagoons)
Nutrient concentrations at the outlet of ECWWTP are very high. Over the previous 3 
years. Total Nitrogen (TN) ranged from 30 to 40 mg L '\ about 10% being in the 
form of nitrate (NO3 ). Total Phosphorus (TP) ranges from 8  to 10 mg L '\ the 
majority in the form of free phosphorus (SRP).
A 50 ML balancing pond has been provided on site to allow for storage of the 
effluent water (Figure 7-1). This is where the experimental work took place.
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i
Figure 7-1: Aerial view of ECWWTP and of the 50ML ECWWSP where the 
experimental work was carried out (Source: WBWC).
The 50ML balancing pond discharges predominantly to a 800ML lagoon and to the 
ocean at Eli Creek (Figure 7-2). Discharge to the 800ML lagoon usually takes place 
over night. Discharge to the creek takes place as the tide ebbs so that the 
wastewater gets diluted into the ocean. More specifically, discharge to the creek 
starts 1 hour after high tide and finishes 1 hour before low tide. There are 6  hours 
and 1 2  minutes on average between high tide and low tide so discharge to the creek 
goes on for 8  hours and 24 minutes over 24 hours. Secondary users include an 
adjacent turf farm and Hervey Bay Golf Club. Discharge is licensed by the 
Environmental Protection Agency (Table 7-1).
Table 7-1: ECWWTP discharge licence
BOD <20mg/L
SS <30mg/L
pH 6.5 to 8.5
DO >2mg/L
£.r0 /Ageometrlcal mean 200/100mL
-90 percentile 400/100mL
Free chlorine residual >0.3 and <0.7mg/L after 20 
minutes detention time in 
chlorine contact tank
The discharge flows diagram is shown in Figure 7-2.
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Figure 7-2: ECWWSP discharge flow diagram.
Nominal retention time in the lagoon is of 2 days ± 12 hours.
The 50ML balancing pond is a rectangle of 127.5 x 27.5 metres (3.5 ha surface are). 
The depth varies over a day usually between 1.5m (during discharge to the 800ML 
lagoon over night) and 1.8m. Nominal retention time in the lagoon is of 2 days ±12 
hours.
7.2 Experimental layout
Construction work started on the 1®^ of December 2005 with the creation of two 
channels each 36 m long and 1.1 m wide. One channel was covered with floating 
reed beds and the other was left open to act as a control.
The floating reed bed was constructed of 7 rafts each 3.20m x 1.1m planted with 
Vetiver grass {Vetiveriazizanioide^ which has an extended root system (Vieritz etaL 
2006). Refer to section 2.4.2 for more details on V. zizanioides.
The channels consisted of 29 construction panels (1.8m x 2.6m) that were covered 
with impermeable black plastic sheets fixed using cable ties. The panels were 
anchored to the bottom of the balancing pond using star pickets.
The initial design allowed the water to flow naturally through the channels. The 
channels were positioned in the middle of the pond where the nominal retention time 
was believed to be higher than 24 hours, following the study of a hydraulic model.
It was later discovered, that measuring flow in the open channel was not 
straightforward and after two unsuccessful attempts using Quadrina Insertion and 
the flowmeter FloTote, it was decided to change the design.
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On the 8 *^^ of February 2006, an additional construction panel was use to close up the 
channels and the water was drawn through the channels using 2  submersible pumps 
PM2500 PI and P2. The pumps were powered by pulling an electrical cable from a 
power point situated in the nearby ECWWTP.
The pump manufacturers claimed a maximal flow rate of 2400L/hr corresponding to 
a nominal retention time along the channels of 15.4 hours (for a depth of 1.5m) and 
of 18.5 hours (for a depth of 1.8m). A ball valve was added to each pump enabling 
adjustment of the flow and thereby change of the nominal retention time (Figure 
7-3).
Power source
Pump
Ball valve
Figure 7-3: Layout of the system used to control the flow In each channel.
Each submersible pump (PM2500) was fitted with a ball valve.
As wind can greatly influence algae location within a water system by inducing 
horizontal and vertical currents (section 2.3), the prevailing eastern wind direction 
has been indicated in Figure 7-4. As indicated, the prevailing wind was going against 
the natural flow demonstrated by the hydraulic model and against the pumping 
induced by the pumps.
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umping direction
3.2m
T
Figure 7-4: Experimental channels at ELWWSP, Hervey Bay, Australia.
One of the channels was covered with floating reed beds and the other one was 
left open to act as a control. As indicated by the arrows, the prevailing wind was 
going against the pumping direction
The experimental work can be split into three phases:
• The open channel phase, without pumping (nominal retention time 
unknown), from the 23'  ^December 2005 up to the February 2006.
• The 24 hours nominal retention time phase (Nominal retention time of 
24 ± 8  hours), from the 8 *^^ February 2006 up to the 15^  ^ February 
2006.
• The 48 hours nominal retention time phase (Nominal retention time of 
48 ± 10 hours), from the 15^"^  February 2006 up to the 10^  ^ March 
2006.
7.3 Sample analysis
7.3.1 Parameters monitored
Three main sampling points were chosen: A common "inlet", the outlet of the reed 
beds channel ("Reed beds outlet") and the outlet of the control channel ("Control 
outlet"). Additional sampling points were added when required to get a better 
understanding of what was going on within the reed beds channels. There were 
"Reedl", "Reed2" and "Reed 3" (Figure 7-5).
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Figure 7-5: ECWWSP sampling point locations.
Sampling points included a common inlet, the outlet of the reed beds channel and 
the outlet of the control channel. Secondary sampling point also included Reed 1, 
Reed 2 and Reed 3.
The first metre of the water column was sampled using a bailer.
Samples were returned to the laboratory for analysis (Refer to section 5 for detailed 
methodology). Water sample were analysed for:
Flow
Chlorophyll a by acetone extraction 
Nitrate
Soluble Reactive Phosphorus (SRP or free phosphorus)
Faecal coliforms 
Eco/f
Zooplankton
The manual sampling was supplemented by continuous monitoring using YSI Sondes 
(Refer to section 5.5 for detailed methodology). The sonde was programmed to give 
a reading every half an hour for the following parameters for:
• Temperature
• Dissolved Oxygen (DO)
• pH
• Chlorophyll a (by fluorimetry)
The sondes were positioned in the water column, at a depth of 0.5m. Sondes results 
for chlorophyll a analysis are therefore different than samples of water analysed by 
acetone extraction that represent an average of the first meter of the water column. 
The YSI sondes were positioned at the Inlet, Reed beds outlet and Control outlet. 
The sondes were swapped regularly to adjust for potential differences due to 
calibration.
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7.3.2 Problem associated with experimental work
7.3.2.1 Root growth monitoring
Root growth was not monitored as the reed beds were enclosed within the channels 
and access was therefore restricted. In addition, once in the water, the rafts were 
very heavy and could not be lifted easily. However, it was possible to lift the rafts at 
the end of the experiment and to inspect the macrophytes root system.
T.3.2.2 Avian invasion
Birds and ducks were resting on the channel panels and nesting within the reeds. It 
was believed they might have an impact in the water quality and a system of bird 
deterrents and netting was therefore added to the system on the 8 ^^ of February in 
order to keep them away.
7.3.3 Statistics
7.3.3.1 Statistical tests to look at differences.
If the sets of data were paired, the paired t-test was used: Paired samples occur 
when a single individual is tested twice e.g. before reed beds and after reed beds.
If the set of data were unpaired data, the unpaired t test was used: Unpaired sample 
occur when a set of data is tested once e.g. Reed beds outlet and Control outlet.
For both tests, the data must be continuous and as least normally distributed. Before 
applying any of the two t tests, the homogeneity of variance was checked using 
Levene's test for equality of variances.
For both t tests, the null hypothesis (HO) is that the means of the two normally 
distributed data sets are equal. For both tests, a t value is calculated and compared 
with the t value "critical" that can be looked up from the Student t table, calculated 
using the analysis degree of freedom (n-1). For both tests, the confidence level has 
been chosen to be 95%.
If tcaicuiated < tcritical/ the null hypothesIs is accepted and the two sets of data are the 
same.
If tcaicuiated > tcritical/ the null hypothesis is rejected and the two sets of data are not the 
same.
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Paired t test Unpaired t test
d  X ^ - X 2
tcaicuiated =  f—= c^alculated — I p ?
n
d= mean of the difference between the two Xi= mean of set 1 
sets of data Xz =mean of set 2
o=standard deviation o=standard deviation
n= number of paired value n= sample size
7.3.3.2 Statistical test to look at relationships
As most of the data were not normally distributed, the Spearman product-moment 
correlation (r )^ was used to look at relationships. The statistic it gives is called r^  and 
ranges from -1 through 0, to 1. Spearman product-moment is more conservative 
than the Pearson product-moment correlation, used when data are normally 
distributed. In principle, r® is simply a special case of the Pearson product-moment 
coefficient in which the data are converted to ranking before calculating the 
coefficient.
Spearman coefficient has three fundamental dimensions: Significance, direction and 
magnitude.
Direction is defined by the sign of f :
If r^  > 0, the two sets of data are positively correlated 
If r^  = 0, there is no linear relationship between the variables.
If r^  < 0, the two sets of data are negatively correlated
Significance will determine if the value of r^  is significantly different from zero. We 
choose to determine if the value was different from zero for at least p=0.05 i.e. 5% 
of the correlations might be due to a coincidence (When possible p=0.01 was used).
Magnitude determines the strength of the correlation. We are going to follow the 
Cohen (2007) guideline for the interpretation of correlation coefficient
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Small correlation for 0.10<r^ < 0.29 small correlation 
Medium correlation for 0.30 <r^< 0.49 
Large correlation for r^  >0.5
The formula for r^  is:
eSd?
_  1
With d = difference between each rank 
n= sample size
Missing values were excluded pairwise, resulting in a set of coefficients based on a 
varying number of cases.
7.4 Results
7.4.1 System analysis
7.4.1.1 External parameters influencing ECWWSP
ECWWSP is a shallow pond (depth between 1.5m and 1.8 m) situated in a sub­
tropical area. Meteorological records from the Australian Meteorological bureau (red) 
and the water temperature of ECWWSP for the period of the experimental work are 
recorded in Figure 7-6. Gaps in the results presented in Figure 7-6 corresponds to 
period where the sondes were out of the water for different reasons such as period 
of construction work or maintenance work.
Air temperature fluctuated between 19.3°C and 34.5°C with mean variation between 
night and day of 8.1°C. Maximal air temperature was found to be inversely 
correlated with rainfall (Spearman coefficient is -0.536 for p=0.01). Important rainfall 
up to 78 mm a day was recorded.
Water temperature fluctuated between 24.5°C and 35.5°C and showed average daily 
variation of 3.5°C. Water temperature was found to be correlated with air 
temperature (Spearman coefficient is 0.514 for p=0.05) and with rainfall (Spearman 
coefficient is -0.311 for p=0.05).
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Wind direction was usually around 125 degrees, corresponding to a southeastern 
wind. Northwestern winds (315 degrees onward) were dominant in December and on 
two occasions after that: On the 6^ of February and on the 2"^  of March. Wind 
measurement higher than 360 are obviously due to a dysfunction of the instruments 
used by the Commonwealth Bureau of Meteorology (2007).
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Figure 7-6: Temperature in ECWWSP measured with YSI sondes and 
meteorological data collected from the Commonwealth Bureau of Meteorology 
(2007)
Daily variation of up to 2.5 C in water temperature was observed. A dramatic drop 
in temperature on the 2^ * March was noticed and correspond to a period of heavy 
rain. South-eastern wind were dominating.
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7.4.1.2 Algae species
Microscopic examination showed that the main algae present in the water was the 
Cyanophyta Arthrospira spp. Previously included within the genus SpiruHna, 
Arthrospira spp has cylindrical trichomes, is without heterocysts, regularly coiled, and 
almost always contains gas vacuoles that can be used for depth adjustment. 
Trichomes often show motility (John et a!., 2001). Arthrospira spp. were spotted on 
several occasions accumulating as scum at the surface of the water, at the western 
corner of Eli effluent lagoon (Figure 7-7).
Figure 7-7: Arthrospira spp. scum (Cyanophyta) accumulating at the west corner 
of Eli effluent lagoon, following dominant southeaster wind direction.
The very motile Chlorophyta Chiamydomonas spp. was abundant in January. 
February was dominated by a mixed population of Chlorophyta going toward a 
dominance of Scenedesmus spp. The mixed Chlorophyta population consisted in 
Pediastrum spp., Eugiena spp., Phacus spp., Staurastrum spp., and Pandorina spp. 
Small pennate diatoms (Baccillariophyta) were also recorded. Other Cyanophyta were 
Anabaena spp., Pseudoanabaena spp. and Formidium spp.
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7.4.1.3 Overall fluctuation of water quality parameters of ECWWSP.
Water temperature, Chlorophyll a concentration, DO and pH measurements are 
presented in Figure 7-8. Gaps in the results presented in Figure 7-6 correspond to 
period where the sondes were out of the water for different reasons such as period 
of construction work or maintenance work.
Water temperature fluctuated between 24.5°C and 35.5°C and showed average daily 
variation of 3.5°C. As already mentioned, water temperature was found to be 
correlated with air temperature (Spearman coefficient is -0.514 for p=0.05) and 
inversely correlated with rainfall (Spearman coefficient is -0.311 for p=0.05).
Chlorophyll a concentration varied between 25 pg L'^  and 300 pg L'^  and showed 
average daily variation of 75 pg L'\ These concentrations are characteristic of 
eutrophic systems (Chapman, 1996). No correlation was found between Chlorophyll 
a concentration and water temperature. However, a good correlation was found with 
maximum air temperature (Spearman coefficient is 0.520 for p=0.01) and with wind 
direction (Spearman coefficient is - 0.319 for p=0.05).
DO concentration varied between 0 and 29 mgL'  ^and showed average daily variation 
to 12mgL'\ DO showed a good correlation with chlorophyll a (Spearman coefficient 
is 0.551 for p=0.01) and a medium correlation with pH (Spearman coefficient is 
0.319 for p=0.01).
The pH varied between 6 .6  and 9.4 and showed daily variation of up to 1 between 
night and day.
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Figure 7-8: Temperature, Chlorophyll a, dissolved oxygen (DO) and pH of 
ECWWSP measured with YSI sondes.
Grey dots show dally variation whereas the black line shows the average of the 
dally measurements.
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7.4.1.4 Daily fluctuation of water quality parameters of ECWWSP.
Temperature
Shallow tropical lakes are usually warm polymictic. Warm polymictic systems have a 
shallow thermocline that develops during daytime, following an increase in water 
temperature: Warm water is less dense than cool water and tends to "float" on top 
of the colder, denser water. The top, warmer layer is called epilimnion and the 
bottom, cooler water is called hypolimnion. The two layers mix at night through 
convection currents, following a decrease in the epilimnion temperature. Once the 
thermocline has disappeared, wind induced water circulation is able to further mix 
the whole water column. Although there is no direct evidence of stratification, the 
observed daily variation of 3.5°C in water temperature is likely to create convection 
currents. Further evidence is going to be discussed in the following sections
Chlorophyll a
The observed increase in chlorophyll a concentration during the day can be easily 
explained by algal cell multiplication due to photosynthesis induced by high solar 
radiation. Algae cells do not die during night time and chlorophyll a concentrations 
should remain constant during night time. The observed decrease in chlorophyll a 
concentration can be explained by two phenomena: The sinking of the epilimnion 
following convection currents, as discussed above, or the displacement of algae cells 
at night to lower depth. Cyanophyta are known to move down the water column at 
night as they are attracted by nutrients present in the sediments, a phenomenon 
known as chemotaxis. During daytime, Cyanophyta are attracted by light and move 
back to the surface of the water (Dodson eta!., 1997). However, as the dial variation 
in chlorophyll a was also observed during periods where the water was dominated by 
non motile Chlorophyta such as Scenedesmus spp, chemotaxis and phototaxis are 
not believed to have had an important impact. Convection currents are therefore 
likely to have been responsible for the decrease in chlorophyll a observed at night, 
further suggesting that ECWWSP is a polymictic system.
Dissolved Oxygen
Factors influencing DO in a water body are the ratio surface area:volume, wind 
speed, water current velocity and the difference in concentration between the air and 
water. DO is directly influenced by Chlorophyll a concentration. In wastewater
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lagoons, DO is directly influenced by chlorophyll a concentration: During day light 
hours, algae release a large amount of oxygen through photosynthesis. Ig of healthy 
algae is believed to produce 1.5g of oxygen (Pearson, 2005). At night, algae do not 
photosynthesise and oxygen is depleted through respiration. Oxygen transport within 
the water body mainly takes place through mass transport i.e. water currents.
Some concerns have been raised that covering the water system with floating reed 
beds might prevent the natural exchange of atmospheric gases to the water, such as 
oxygen. Controversially, reed beds have also been reported to transport oxygen from 
the atmosphere to the water column through their root system (Carpenter & Lodge, 
1986). There is no difference in DO concentration between the control channel and 
the reed bed channel (Figure 7-9). The introduction of reed beds did not increase or 
decrease the concentration of DO. It is not surprising as 80% of the DO in 
wastewater lagoon is believed to come from algae (Pearson, 2005). Reed beds 
impact on DO is therefore minimal in the system studied.
30
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Figure 7-9: DO in ECWWSP in the inlet, reed beds outlet and control outlet 
measured by YSI sondes.
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pH
Photosynthesis, during daytime, requires a large amount of CO2 that shift the 
buffering system of carbonate to the left, decreasing the concentration of Hydrogen 
ions in the water, thereby increasing the pH (Equation 7-1):
Equation 7-1: Carbonate buffering system
CO2 +  H2O ^  H2CO3 ^  HCO3>H^<^ C03^ +  H+
At night, respiration releases CO2 in the water column, shifting the carbonate 
buffering system back to the right, releasing H^  in the water and thereby decreasing 
the pH.
The chlorophyll a concentration in the hypolimnion is likely to be lower than that of 
the epilimnion, as less solar radiation can reach the deeper water, a phenomenon 
amplified by the high number of algae cells in the epilimnion, shading underlying 
algae cells. Consequently DO and pH are also likely to be lower in the hypolimnion. 
As the thermocline is believed to be shallow in warm polymictic system, the impact 
of temperature, DO, pH and chlorophyll a concentration of the epilimnion is going to 
be minimal during turnover, as the hypolimnion is of larger volume: It is therefore 
likely that the minimal temperature, chlorophyll a, DO and pH recorded for the 
epilimnion is comparable of that of the hypolimnion (Figure 7-10).
Epilimnion < 
Thermocline
I
Hypolimnion
Daytime Nighttime
Temperature up t(9G4
Chlorophyll up to 300g L-1
DO up to 20m^
pH up to 9 Temperature =^0  
Chlorophyll = 200 g L-1 
DO=OmgÜ
------------►
Temperature <PGO Turnover pH =7
Chlorophyll < 200 g L-1
DO=OmgÜ
pH <7
Figure 7-10: ECWWSP hypothetical stratification, showing a very different w ater 
quality between daytime and night tim e and at different depth during daytime.
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This is important, as the lowest DO concentration of the epilimnion concentrations 
was found to be close to zero, suggesting an oxygen deficient hypolimnion. ECWWTP 
DO concentration discharge, following EPA licensing, has to be higher than 2mgL'  ^
(Table 7-1) and the hypolimnion DO is likely to be lower than that most of the time 
and all day long. This can be critical for ECWWSP, as anaerobic water might be 
discharged to Eli creek.
7.4.2 Root growth
As illustrated by Figure 7-11, the root system was very shallow, with length not 
exceeding 3 cms.
Figure 7-11: 3 months old V. ziganoides root system. 
Surprisingly, root length was not exceeding 3 cms.
The limited root growth might be explained by the high nutrients concentrations in 
ECWWT and has certainly reduced the possibility of a decreasing chlorophyll a 
concentration, by limiting interception mechanism, followed by secondary grazing, 
two mechanisms that are thought to have a great potential in decreasing algae 
concentration (section 2.4).
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7.4.3 Floating reed beds as a means of decreasing chlorophyll a 
concentration
95% Confidence limit for chlorophyll a extraction method was calculated by running 
three replicates of each sample.
The chlorophyll a results by acetone extraction during the different phases of the 
project showed that when the water was allowed to flow freely through the channels 
(open channel phase), chlorophyll a concentration was often lower at the inlet than 
at the channels outlets, with the maximum concentration being recorded at the reed 
beds outlet (Figure 7-12). The difference between the inlet chlorophyll a 
concentration and the reed beds outlet concentration was found to be significant 
(tcaicuiated = 2.82 using the paired student t-test and for p=0.05). Once the channels 
were closed and the pumps were functioning, the three sites stabilized and the 
chlorophyll a concentration became similar throughout each channel for both nominal 
retention time of 24 hours and 48 hours (tcaicuiated =1.42 and 0.15 respectively using 
the paired student t-test and for p=0.05) (Figure 7-12).
On the 7^  ^March, chlorophyll a concentrations were significantly higher in the control 
channel than in the reed beds channel (Figure 7-12).
The chlorophyll a results using YSI sondes recorded results with no specific pattern 
statistical for the open channel phase (Figure 7-13), the 24 hours nominal retention 
time and the 48 hours nominal retention time (Figure 7-13 to Figure 7-15).
75
An investigation of floating reed bed root systems as a means of removing suspended algae
2000
I
c0
1 c 
0) Üc
oÜ
CtJ
Q.O
Ü
1500 -
1000
500 -
COoo
CM
CD
CM
COOO
CM
CMO
CMO
 ^
Open channel
o Inlet
■ Reed beds outlet
□ Control outlet
8
5a
O#
CO COo Oo O
CM CM
CM CMo O
CD CO
CM
COoo
CM
COo
§
CO0
R
1o5o
48 hours retention time
24 hours retention time
Figure 7-12: Chlorophyll a concentration by acetone extraction In the Inlet, reed 
beds outlet and control outlet.
Results are the mean of 3 replicates with standard deviations.
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Figure 7-13: Chlorophyll a concentration using the YSI sondes in the inlet, reed 
beds outlet and control outlet, during the open phase channel, without pumping.
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Figure 7-14: Chlorophyll a concentration using the YSI sondes in the inlet, reed 
beds outlet and control outlet during the 24 hours nominal retention time phase.
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Figure 7-15: Chlorophyll a concentration using the YSI sondes in the inlet, reed 
beds outlet and control outlet during the 48 hours nominal retention time phase.
The chlorophyll a results with acetone extraction during the open channel phase are 
unexpected. The results are in fact the opposite results to what was expected as 
floating reed beds were believed to stop algae and a decrease in chlorophyll a 
concentration was therefore expected at the outlet of the reed beds channel.
An explanation for these unexpected results might be given by adding wind effect to 
the system. The prevailing wind during the open channel phase was a southeastern 
wind (Figure 7-6) that was against the expected natural water current in the channel 
(Figure 7-4). The wind might have created a counter current, meaning that the water 
was flowing against the expected direction.
In effect, the "reed beds outlet" sampling point was the inlet of the reed beds 
channel, the "control outlet" sampling point was the inlet of the control channel and 
the "inlet" sampling point was the combined outlets of the reed beds channel and of 
the control channel. The sampling point "inlet" contained water coming from both 
channels and chlorophyll a concentration recorded are therefore an average of both 
channel outlets concentration. Algae are believed to have been stopped by the 
floating reed beds to some extent, increasing the chlorophyll a concentration at the 
sampling point "reed beds outlet". These algae might have leaked into the control 
channel, also increasing the chlorophyll a concentration of the sampling point 
"control outlet". This is best explained by Figure 7-16.
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Figure 7-16: The open channel phase was dominated by an eastern wind that is 
likely to have created a counter current.
Ultimately this result might indicate that the reed bed channel was able to decrease 
chlorophyll j  concentration during the open channel phase by 36.6% ± 30%.
During the open channel phase, due to the wind accumulating algae in front of the 
reed beds channel, algae were not homogeneously distributed within the epilimnion. 
The decrease in chlorophyll <9 was mainly due the reed beds stopping the top layer of 
the epilimnion going through the channel. This explain why the results given by the 
sondes, that are reading at 50 cm depth, were not found to be significantly different.
During the 24 and 48 hours nominal retention time phases, there were no algae 
accumulations at the inlet sampling point as the wind was blowing in the opposite 
direction than the pumping direction. Algae population was therefore homogeneously 
partitioned within the water column and the top layer of the epilimnion did not 
contain more algae, and sampling with the bailer did not record a difference in 
chlorophyll a concentration.
Regarding the significantly highest chlorophyll j  concentration recorded in the control 
channel on the 6 *^^ and March, a detailed investigation revealed that the reed bed 
channel kept a nearly constant chlorophyll a concentration whereas the 
concentration in the control channel increased from 75 pgL'  ^ to 250pgL'  ^ (Figure 
7-17).
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Figure 7-17: Chlorophyll a concentration along both channels on the 7*^  of March. 
Results are the mean of 3 replicates with standard deviations.
The fact that the chlorophyll a concentration remained constant throughout the reed 
bed channel suggests that the algal scum was prevented to enter the channel in the 
first place. Looking back at Figure 7-6 it appears that the 6 "^" and 7^  ^ March are 
associated with a change in wind direction. The north-western wind was blowing 
algae toward the inlet of the channel and algae were therefore accumulating within 
the control channel (Figure 7-18). Algae could not enter the reed bed channel, 
however, because of the presence of the rafts.
If the main mechanism responsible for the observed stable chlorophyll a 
concentration in the reed beds channel had involved a biological mechanism, such as 
grazing, chlorophyll a concentration would have decreased little by little. The main 
mechanism involved seem to have been the rafts acting as a physical barrier for the 
algae floating at the surface of the epilimnion.
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Figure 7-18: Algae accumulation in the control channel suggesting that reeds bed 
were able to stop algal scum by acting as a physical barrier against Cyanophyta 
scum.
To summarize, reed beds were found to successfully decrease chlorophyll a 
concentration only when algae were accumulating at the surface of the epilimnion. 
This accumulation was always due to wind action, stressing the importance of wind 
in algae control.
7.4.4 Nutrients
7.4.4.1 General considerations
Nutrients analysis aims to investigate the potential of floating reed beds to compete 
with algae for nutrients. The bioavailable form of nitrogen is nitrate (NO3 ) and the 
bioavailable form of phosphorus is free phosphorus (POT) also known as Soluble 
Reactive Phosphorus (SRP). Typical effluent nutrients concentration in Queensland 
are between 8-12 mgL'  ^ for TP and between 25-50mg for total nitrogen (TN) 
(EPA 2007).
Results in Figure 7-20 shows that SRP concentrations were at around 8 mgL^ ± 
ImgL^ and nitrates concentrations were at around 2mgL'  ^ (i.e. estimated TN at 20 
mgL' )^. Nutrients concentrations were therefore within the range of typical effluent 
nutrients concentration in Queensland.
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7.4.4.2 Nutrients uptake by floating reed beds
Up to the instalment of netting and bird deterrents (section 6.3.2.), there was a 
significant increase in nitrate and SRP concentration throughout both channels (using 
paired Student's t test with t= 3.33 for p=0.05 for nitrate and t=3.6 for p=0.05). The 
general increase in nitrate and SRP concentration is in contradiction to other work, 
where macrophytes were proven to take up nitrates and SRP from the water column 
(Meijer et a/., 1999). The higher nutrients concentration recorded in the reed bed 
channel may be explained by the floating rafts being used for roosting and feeding 
by birds and ducks. Ducks, mainly Pacific black ducks {Anas superciHosa) were 
present on site and were seen resting on the reed channels. Dusky moorhen 
{Gallinula tenebrosa) were spotted nesting on the reed beds. Duck faeces are 
composed of 13% Nitrogen and 14% Phosphorus (Mukherjee at aL, 1991). Although 
avian urine is expelled in the form of uric acid, it is transformed to urea when 
subjected to the action of oxygen. Urea is then transformed to ammonia through 
urease enzyme present in bacteria (Edwards, 2006).
As avian faecal contamination was thought to be responsible for the increase in 
nitrate and SRP concentration and because of the physical damages caused by ducks 
while nesting and trampling on the reeds, it was decided to try to limit bird access. 
Bird deterrents (Figure 7-19) were installed at strategic locations and netting was 
installed over the reeds.
Figure 7-19: Bird deterrents to control bird population nesting and resting on the 
reed beds channel.
After the installation of bird deterrent and netting over the channels on the 8^  ^ of 
February, there was no significant difference in nitrate concentration between the 
three sampling stations suggesting that the increase in nitrate was due to faecal 
contamination by birds (Figure 7-20).
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Figure 7-20: Nitrate and Phosphorus concentration at the inlet, reed beds channel 
and outlet channel, before and after the installation of bird deterrents and netting 
against birds.
Error bars represent 16%CL for SRP and 14%CL for nitrate.
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If, as explained in section 7.4.3, a counter current was created during the open 
channel phase, and that the reed bed outlet was in fact the inlet of the reed beds 
channels and that the inlet was the combined outlet for both channel, the observed 
increase in nutrients concentration was in fact a decrease In nutrients. Nitrate 
concentration was reduced by 38% ± 15 and SRP was reduced by 12% ± 8.
An insight in nutrients concentration within the reed bed channel does not indicate a 
constant decrease in nutrients concentration (Figure 7-21). On the 19^ January the 
concentration was maximal on site "Reed 2" whereas on the 30^  ^ January the 
concentration was maximal on the sampling site "reed beds outlet", indicating that 
the increase in nutrients was due to an external source such as avian faces and 
urine.
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Figure 7-21: Nitrate and SRP concentration within both channels on the 19th of 
January and within the 30^ *' of January.
Error bars represent 16%CL for SRP and 14%CL for nitrate.
In addition, if the decrease in nutrients concentration was due to the floating reed 
beds taking up nutrients, the opposite trend should have been observed once the 
channels had been closed. It was not the case, reinforcing further that the increase 
in nutrients was due to an external source of nutrients.
It is very difficult to make any conclusion from these findings, as there are no data 
on flow within the channels during the open channel period. However, even if we
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assume that the nominal retention time within the reed beds channel was very short 
e.g. an hour, we are far off the published value of 30 000 mg TN 8  days m'  ^(Hart et 
a!., 2003), as the observed decrease in nutrient concentration translates to 4 mg 
NO3' 8  days m'^ .
Nevertheless, if the observed increase in nutrients within the reed beds channel was 
not due to an external source such as avian faces and urine, but was due to floating 
reed beds taking up nutrients as wind was thought to be the cause of a counter 
current, the amount of nutrients after the reed beds channel was still characteristic 
of eutrophic systems. Algae growth could not have been controlled by competition 
for nutrient with macrophytes, as previously thought in section 2 .8 .
7.4.5 Coliforms/E.co//
The high concentration of algae present in the water made the microbiological 
analysis difficult by creating a background of non-target organisms making the 
counting of colonies difficult. As a consequence, a high dilution factor had to be 
applied and the results obtained display important confidence limits.
Results (Figure 7-22) show coliform and E.coH concentrations at the inlet always 
under 500 CFU/lOOmL, whereas reed beds outlet was around 1000 CFU/100 ml. 
Although concentrations remained low, they suggest an increase in conforms and 
E.coH.
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Figure 7-22: Faecal conforms and E.coH (cfu/lOOmL) before and after the 
Introduction of bird deterrents and netting.
Error bars represent confidence limit of the analysis where a high dilution factor 
had to be applied due to background non-target organisms (algae).
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An insight within the reed beds channels showed higher concentration in the middle 
of the reed beds channel, suggesting a faecal contamination from within the system 
and not a steady increase or decrease that would illustrate that the reeds or the 
retention time are responsible for a change in coliform and E.coH concentration 
(Figure 7-23).
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Figure 7-23: Faecal coliform and f.co//concentration within the reed beds channel 
on the 30“’ of January.
Error bars represent confidence limit of the analysis where a high dilution factor 
had to be applied due to background non-target organisms (algae).
Pipes (1982) found 33*10® faecal collforms per gram of duck faeces, suggesting that 
avian faeces present on site during the preliminary phase of the project may have 
been responsible for the external source of faecal collforms.
7.4.6 Zooplankton dry weight
Water from the pumps was filtered for a minimum period of 2 hours and then dried 
at 60°C for 3 days. Results showed a small difference between the reed bed channel 
and the control channel (Figure 7-24). Interestingly there is an important difference 
in the zooplankton dry weight between 9 am and 12 pm.
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Figure 7-24: Zooplankton dry weight on the 15**' March 2006. 
There is no confidence limit available.
Although this result might only be a coincidence as it is a one off sample, it might 
also further indicate stratification: zooplankton population was homogeneously 
dispersed at 9am, whereas from noon, when ECWWSP is believed to be stratified, 
zooplankton population concentrates within the epilimnion, following their source of 
food, algae.
Another explanation would be supporting the refuge theory, presented in section 
2 .6 .2 , stating that zooplankton tend to remain within reed beds during daytime to 
avoid predation.
7.5 Conclusion
7.5.1 Reed beds as a means of controlling algae
During the open channel phase, floating reed beds were thought to have been 
responsible for a decrease in chlorophyll a concentration of 37% ± 30%. Records at 
50 cm deep did not show a decrease in chlorophyll a suggesting that it was only a 
superficial removal of algae. The very short root growth noticed (Figure 7-11) 
probably explains these results, as interception mechanism was limited to the first 3  
centimetres of the water column.
The experiment shows no significant difference in chlorophyll a concentration with a 
nominal retention time of either 24 hours or 48 hours. The prevailing wind was
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against the pumping direction and it is likely that no algae were accumulating in front 
of the reed beds as they were pushed in the opposite direction.
All results seem to conclude that the reed beds are able to control the algae 
population only when concentrated at the surface of the water column, stressing the 
importance of wind action.
ECWWSP showed great variability in term of water quality, and it is likely that the 
manual sampling programme did not reflect this high heterogeneity of the system. It 
was therefore decided, for future work, to use a larger area of reed beds and to look 
for important differences.
7.5.2 Reed beds as a refuge for birds and ducks
A difference in nitrate and SRP orthophosphate concentration was noted within the 
reed beds channel. This difference was accounted for the presence of avian faeces 
and urine, high in TN and TP.
Duck faeces is composed of 13% nitrogen and 14% phosphorus (Mukheigee et a!., 
1991). Although avian urine is expelled in the form of uric acid, it is transformed to 
urea when subjected to the action of oxygen. Urea is then transformed to ammonia 
through urease enzyme present in bacteria (Edwards, 2006).
Ammonia is then transformed into nitrite and nitrate through nitrification conducted 
by Nitrosomas and Nitrobacter. This process was proven to be very important at the 
surface of macrophytes by the attached microbial community (Eriksson & Weisner, 
1999). The increase in nutrients concentration was associated with an increase in 
faecal collforms, Eco/Zand nitrate concentration.
Ducks are well documented as being a source of faecal collforms and E.coH as it has 
always been an Issue during slow sand filter processes (Metropolitan Water Board, 
1929). Ducks faeces contain 33x10® faecal collforms per gram (Pipes, 1982) and can 
therefore be taken as an external source of microorganisms.
These findings stress the potential for wildlife to increase nutrients and collforms 
concentration. The presence of collforms revealed the likelihood of other pathogens 
being present in the water, potentially dangerous for human beings. When floating 
reed beds are used for drinking water purposes, the addition of pathogens in the 
water system is probably not such a big issue as the disinfection stage will remove 
them. It might be an Issue for wastewater, however, especially in Queensland where 
wastewater reuse is subjected to coliform guidelines. Although the potential increase 
in nutrients concentration is likely to be insignificant in wastewater system, where
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nutrients concentration are already high, it might be an issue in drinking water 
reservoirs, where an increase in nutrients might further promote algae growth.
7.5.3 Mechanisms Involved In algae control by floating reed beds.
Some of the mechanisms introduced in section 2 that had a potential to decrease 
algae concentration can be eliminated in hypereutrophic systems.
One of the mechanisms that was thought to have the greatest impact was 
interception by the root system of algae in suspension in the water column. In 
hypereutrophic system, root growth was limited to 3 cm in 4 months and interception 
was therefore limited to the upper layer of the water column.
There were no evidence of nutrient uptake by macrophytes, and the limitation of 
algae growth through nutrient competition is therefore likely to have been restricted. 
As already contemplated in section 2.1, shading mechanism did not decrease the 
concentration of pre formed algae. There was no decrease in chlorophyll a 
concentration with a water nominal retention time under the floating reed beds of 48 
hours. The nominal retention time may not have been sufficient to impact upon 
algae growth.
Although being only a sample over 1 day, the low difference in zooplankton 
population between the two channels indicates that the refuge theory was limited 
and that primary grazing was probably not a significant mechanism in that 
experiment.
Short-circuiting might also have taken place, with the lower part of the channel 
having a shorter nominal retention time.
None of the mechanisms introduced in section 2 were responsible for a decrease in 
chlorophyll a in ECWWSP hypereutrophic system, but interception mechanisms 
during the rare event of algae scum being present in the upper layer of the water 
column.
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8 INVESTIGATION INTO THE CAPACITY OF THE ROOT 
SYSTEM OF VETIVER GRASS ( VETIVERIA ZIZANIOIDES) 
TO INTERCEPT ALGAE IN  A EUTROPHIC SYSTEM
8.1 Introduction to Wastewater Pulgul lagoon, Hervey 
Bay, Queensland, Australia
Pulgul wastewater lagoon is located in Hervey Bay, Queensland, Australia (section 
4.2). The works consists of two treatment stages for a capacity of 16,000 EP, and an 
average dry weather sewage inflow of 3.2 MLd'\ The plant incorporates the 
following processes (Wide Bay Water Corporation, 2004):
• Stage 1:Oxidation ditch type activated sludge plant using Kesner type 
aerators and secondary clarifiers
• Stage 2: Intermittently Decanted Extended Aeration (IDEA) lagoon 
type activated sludge plant
• Effluent disinfection by chlorination
• Aerobic sludge digesters
Nutrient concentrations at the outlet of Pulgul works are high. Over the past 3 years. 
Total Nitrogen (TN) ranged from 0 to 10 mg L '\ about I/IO**" being in the form of 
nitrate (NO3 ). Total Phosphorus (TP) ranges from 0 to 7 mg L'\ 3 to 5 mg L'^  being 
in the form of free phosphorus (SRP).
A 9.2 ML wastewater dam is provided on site to allow storage of the effluent water 
(Figure 8-1). This is where the experimental work took place.
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4 ;
Figure 8-1: Aerial view of Pulgul WWTP and 9.2 ML Pulgul effluent lagoon, where 
the experimental work took place.
Hervey Bay, Queensland, Australia (source: WBWC)
There are two inlets from the wastewater treatment plant into the effluent lagoon, 
and two outlets (Figure 8-2). One outlet discharges to a nearby farm where the 
water is used for sugar cane irrigation. The farm usually requires 3 ML 6 '\ The 
second outlet discharges to Pulgul creek by gravity. Discharge to the creek is 
restricted by the Environment Protection Agency to 2ML day ^ Discharge to the creek 
takes place when the tide is going out so that the wastewater gets diluted in the 
ocean. More specifically, discharge to the creek starts 1 hour after high tide and 
finishes 1 hour before low tide. There are 6 hours and 12 minutes between high tide 
and low tide, and with 2 tides a day discharge to the creek goes on for 8 hours a 
day. Even so, Pulgul creek is prone to algal blooms due to the high nutrient 
concentration of the Pulgul wastewater discharge (Green, 2006). Pulgul creek water 
quality is monitored by the EPA. When the water level is at its highest, the flow to 
the creek is 40Ls  ^ through a 600mm pipe. At maximal discharge flow, the nominal 
retention time in the lagoon is about 1 day and 19 hours.
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Figure 8-2: Flow going through Pulgul Wastewater lagoon.
Minimum nominal retention time within the lagoon Is 1 day and 19 hours.
8.2 Experimental layout
The experimental layout consisted of 20 floating reed beds. Each floating reed bed 
was 3.5m x 1.5m, planted with Vetiver grass (K zizanioides) at a frequency of 8 
plants per m^ . This species has an extended root system (Vieritz eta!., 2006). Refer 
to section 2.4.2 for more details on V. zizanioides. The reed beds were set up in two 
different layouts.
The first design consisted of 3 reed beds of different size arranged as shown in 
Figure 8-3. Four main sampling points were chosen.
SI: Before the reed beds 
S2: Between the first row and the second row 
S3: Between the second row and the third row 
S4: After the third o
The second design consisted of one stand of floating reed beds, with only two 
sampling points: "before reed beds" and "after reed beds" (Figure 8-4 and Figure 
8-5).
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Figure 8-3: Pulgul wastewater lagoon design 1.
The layout consisted of 3 reed beds arranged around the outlet discharging to the 
creek.
Figure 8-4: Pulgul wastewater lagoon design 2.
The layout consisted of one reed bed stand arranged before the outlet discharging 
to the creek.
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Figure 8-5: Picture of Pulgul design 2. The prevailing wind direction is indicated by 
and arrow.
The experimental work can be split into three phases:
Design 1, from the 27^  ^November 2006 up to the 12^  ^of January 2007 
Design 2 without flow, from the 12^  ^January 2007 up to the 9^*^ March. 
Design 2 with flow, from the 9^  ^of March up to the 20^  ^of March.
8.3 Sampling and analysis
8.3.1 Parameters monitored
Change in water quality was monitored using three YSI sondes. The sondes were 
swapped regularly to identify and allow for potential differences due to calibration 
The sondes were programmed to give a reading every half hour for the following 
parameters (Refer to section 5.5 for details on methods used):
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• Temperature
• Dissolved Oxygen (DO)
• pH
• Chlorophyll a (by fluorimetry)
The YSI sondes were positioned at a depth of 0.5m and swapped regularly to adjust 
for potential differences due to calibration.
In addition to water quality parameters, the fauna developing within the immersed 
root system was monitored, in order to understand the potential of grazing 
mechanisms (Refer to section 5.6 for detailed procedures). Two main "groups" were 
monitored:
• The microinvertebrates such as rotifers and protozoa attached to the 
roots.
• The macroinvertebrates living within the root system.
8.3.2 Problem associated with experimental work
8.3.2.1 Restricted Access
Due to restricted access, it was not possible to sample the inside part of the floating 
reed bed. Initial design allowed gaps between floating reed beds to permit boat 
access between different floating reed beds. These gaps showed growth of algae, by 
providing sheltered zones (section 8.4.3.1) and this design was therefore abandoned. 
As a consequence, only the outside parts of the floating reed beds were sampled for 
micro and macroinvertebrates.
5.3.2.2 Human factors
Although the flow going out to Pulgul creek was supposed to be as described in 
section 8.1, due to a shortage in wastewater for irrigation purposes, the discharge to 
the creek was interrupted. The main problem was that this information was not 
circulated and so no action was taken before March to artificially create a flow 
through the reed beds.
8.3.3 Statistics
8.3.3.1 Tests to look at differences:
Student's t test and paired t-test were used to assess the significance of any 
observed difference. Refer to section 7.3.3.1 for more details.
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S.3.3.2 Tests to look at relationship:
A canonical correlation analysis was carried out to analyse the relationships between 
invertebrates and environmental variables (Gittins, 1979).
The canonical analysis investigates the relationships between variables of two distinct 
but associated sets; it searches for linear combinations of a set of dependent 
variables (organisms group), which have the maximum correlation with a linear 
combination of independent variables (environmental variables):
As canonical correlation analysis does not allow for the deletion of cases pair-wise, 
the data set was reduced to 45, rendering the output less precise. Non-parametric 
Spearman tests were therefore also run in parallel. Refer to section 7.3.S.2 for details 
of Spearman test.
8.4 Results
8.4.1 System analysis
8.4.1.1 External parameters influencing Pulgul wastewater pond.
Pulgul wastewater lagoon is a shallow pond situated in a sub-tropical area with a 
maximal depth of 4.5m. Meteorological records from the Australian Meteorological 
bureau (red) and the water temperature of Pulgul wastewater lagoon for the period 
of the experimental work are recorded in Figure 7-6.
Air temperature fluctuated between 15.2°C and 35.2°C with mean variation between 
night and day of 9.1°C. Maximal air temperature was found to be inversely correlated 
with rainfall (Spearman coefficient is -0.389 for p=0.01). Important rainfall up to 38 
mm a day was recorded.
Water temperature fluctuated between 22.2°C and 34.9°C and showed average daily 
variation of 2.5°C. Water temperature was found to be correlated with air 
temperature (Spearman coefficient is 0.646 for p=0.05) and inversely correlated with 
rainfall (Spearman coefficient is -0.428 for p=0.05).
Wind direction was usually around 125 degrees, corresponding to a south-eastern 
wind. North-western winds (315 degrees onward) were dominant on several 
occasions. North-western wind was found to be correlated with an increase in rainfall 
(Spearman coefficient is 0.239 for p=0.05), a decrease in maximum air temperature 
(Spearman coefficient is -0.239 for p=0.05), and a decrease in water temperature 
(Spearman coefficient is -0.239 for p=0.05). Wind measurement higher than 360 are
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obviously due to a dysfunction of the instruments used by the Commonwealth 
Bureau of Meteorology.
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Figure 8-6: Water temperature in Pulgul wastewater lagoon collected with YSI 
sondes and meteorological data collected from the Commonwealth Bureau of 
Meteorology (2007).
Gaps in the results presented in correspond to periods where the sondes were out of 
the water for different reasons such as period of construction work or maintenance 
work.
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8.4.1.2 Algae species
The algae population mainly consisted of a mixture of Chlorophyta. The main 
Chlorophyta recorded were Scenedesmus spp., Coelastrum spp., Pediastrums spp. 
Average length of these Chlorophyta was 40pm.
On the of February, Pandorina spp. was observed in very large numbers. The 
palmelloid stage was recorded (Figure 8-7). This is a stage in the life history of 
flagellate algae when the cells become non motile and multiply rapidly to produce 
formless masses of cells embedded in mucilage. Algae can show a high degree of 
plasticity in response to environmental factors, to the presence of chemicals, or 
pressure from predation. The palmelloid stage is an expression of flagellate plasticity 
and was reported to be associated with the presence of the rotifer Brachionus 
calydflorus'm Chlamydomonas reinhardtii{Luï\\nq & Beekman, 2006).
Figure 8-7: Pandorina spp. arranged in a palmelloid stage on the 9*"^  of February 
2007.
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8.4.1.3 Overall fluctuation of water quality parameters at the Pulgul 
wastewater plant.
Water temperature, Chlorophyll a concentration, DO and pH measurements are 
presented in Figure 8-8. Gaps in the results correspond to periods where the sondes 
were out of the water for different reasons such as periods of construction work or 
maintenance work.
As already mentioned, water temperature fluctuated between 22.2°C and 34.9°C and 
showed average daily variation of 2.5°C. Water temperature was found to be 
correlated with north-western wind (Spearman coefficient is -0.239 for p=0.05), with 
air temperature (Spearman coefficient is 0.646 for p=0.05) and inversely correlated 
with rainfall (Spearman coefficient is -0.428 for p=0.05).
Chlorophyll a concentration varied between 10 pg L'^  and 250 pg L'^  and showed 
average daily variation of 100 pg L \  Chlorophyll a concentration was inversely 
correlated with maximum air temperature (Spearman coefficient is -0.409 for 
p=0.01) and inversely correlated with water temperature (Spearman coefficient is -  
0.223 for p=0.05).
DO concentration varied between 0 and 29 mgL'  ^and showed average daily variation 
of 12mgL'\ DO showed a good correlation with chlorophyll a (Spearman coefficient is 
0.693 for p=0.01) and an excellent correlation with pH (Spearman coefficient is 
0.904 for p=0.01).
The pH varied between 6.9 and 9.8 and showed daily variation of up to 1 between 
night and day.
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Figure 8-8: Temperature, Chlorophyll a, dissolved oxygen (DO) and pH of Pulgul 
wastewater lagoon measured with YSI sondes.
Grey dots show daily variation whereas the black line shows the average of the 
daily measurements.
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8.4.1.4 Daily fluctuation of water quality parameters in the Pulgul 
wastewater lagoon.
The analysis of the results collected from ECWWSP (section 7) strongly suggested a 
daily stratified system characteristic of a polymictic system. The same pattern in 
temperature, chlorophyll a, DO and pH were recorded at the Pulgul wastewater 
lagoon, and the system is therefore suspected to be stratified as well. In order to 
gain direct evidence of stratification in Pulgul wastewater lagoon, a sonde was placed 
at a depth of 1 m, in addition of the permanent sonde placed at a depth of 0.5m. 
Figure 8-9 clearly illustrates that surface water (0.5m) and deeper water (Im) had a 
very different composition. The deeper water had a more consistent temperature 
through the day long whereas the surface water temperature fluctuated by 3°C. DO 
remained under 3.8 ± 1.2 mgL^ in the deeper water, a concentration that is 
inadequate for some fish, whereas DO fluctuated from 2.2 to 20 mgL'  ^ at the 
surface. Similarly chlorophyll a concentration remained under lOOpgL'  ^ in the deeper 
water whereas the chlorophyll a concentration fluctuated from 50 to 150 pgL’  ^at the 
surface water.
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Figure 8-9: Evidence of Pulgui iagoon stratification.
Deeper water (hypoiimnion) was stable whereas shallower water (epilimnion) 
showed significant variation in temperature. Chlorophyll a, DO and pH.
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The results obtained are characteristic of a polymictic system, with daily period of 
stratification consisting of two layers, the epilimnion and the hypoiimnion, separated 
by a thermocline. The two layers only mix for a short period of time (turn-over) for 
about 6 hours at night between 2am and 8am.
It is easy to identify the period of total mixing as this period coincides with the lower 
temperature, DO concentration, Chlorophyll a concentration and pH of the 
epilimnion.
Daily stratification of Pulgul lagoon is an important observation as it tells us that the 
majority of the algae are present in the top layer of the pond, the epilimnion. This is 
also where the floating reed beds root system is. It also indicates that the deeper 
water is anaerobic or oxygen poor most of the day, stressing the potential hazard 
associated with the abstraction of deeper water. The thermocline is not necessarily 
straight, and can even oscillate. Black dead roots were observed on the edge of the 
reservoirs and might be explained by a lack of oxygen, indicating that the 
thermocline was shallower next to the bank.
Depending on the depth of the abstraction point and on the time of the day, water 
composition might vary greatly. Discharge to the creek should be maximised during 
day time when the water is stratified, to avoid night-time oxygen poor water. 
Anaerobic conditions might segregate algae population from Cyanophyta, as they are 
capable of reducing sulphur by anaerobic respiration. This might be an explanation 
for reported Cyanophyta bloom in Pulgul creek.
Pulgul balancing pond is also used for irrigation purposes and if abstraction occurs at 
night or at low depth, irrigation water is likely to be anoxic, with potential odour 
problems. On the other hand, irrigation at night or abstraction at lower depth will 
decrease algae concentration and will increase the backwashing time of the pre-filter 
used upstream the irrigation system.
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8.4.2 Root growth
As illustrated by Figure 8-10, the root system was 23.75 cm ± 10 cm, with an 
average dry weight estimated at 20g (DW).
Figure 8-10: 3 months old V. ziganoidesroot system.
The root system was 23.75 cm ± 10 cm, with an average dry weight estimated at 
20g (DW) per plant.
Using the average root length, it can be estimated that the root system occupied 
about 25% of the volume of the system described in Figure 8-4. It means that in a 
plug flow situation, 25% of the water is in contact with the root system. In a non­
stratified situation i.e. at night, it means that the maximal chlorophyll a concentration 
can be reduced by a maximum of 25%. During daytime, however, as algae are 
concentrated in the epilimnion, chlorophyll j  concentration can be further reduced. If 
we consider that epilimnion chlorophyll a concentration is up to 50% higher in the 
epilimnion, then the system can reduce chlorophyll a concentration to up to 37.5% 
(25% + 50% of 25%).
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V. zizanioides developed a much extended root system contrasted with ECWWSP 
where root length did not exceed 3 cm and remained sparse (section 7.4.2). The 
same macrophyte species was used In both experiments, and the only parameters 
known to Impact on root morphology that was different between ECWWSP and 
Pulgul wastewater lagoon was nutrient concentration (section 2.4.2). TN and TP 
concentration were 10 times higher at ECWWSP than at Pulgul wastewater lagoon 
and V. zizanioides root system in ECWWSP did not need to develop extensively to get 
its basic nutrients. Vzizanioides root system in Pulgul wastewater lagoon had to form 
longer roots and in greater proportion to increase its contact with water and 
therefore its nutrient uptake capacity.
8.4.3 Reed beds as a means of decreasing chlorophyll a 
concentration
8.4.3.1 Design 1
There were no differences in chlorophyll a concentrations before the reed beds (SI), 
in the middle of the reed beds (S2) and after the reed beds (S4). On the l l “" of 
January, the opposite result was observed, with chlorophyll a concentration higher 
on S2 than on SI (Figure 8-11).
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Figure 8-11: Chlorophyll a concentration before the reed beds (S I), in the middie 
of the reed beds (52) and after the reed beds (54).
Bars correspond to period of discharge to the creek.
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Gaps between the reed beds were creating zones sheltered from wind action. Algae 
proliferate well in calm zones, as they can remain close to the water surface where 
the solar radiation is maximal. Under turbulent condition, however, algae can be 
dragged to lower depths, where photosynthesis is reduced.
The growth of algae between the reed beds raft was seen as detrimental for the 
purpose of the experiment and it was therefore decided to discard that design.
It should be noted, however, that after the reed bed (S4) the concentration was 
lower than S2 concentration, highlighting that the floating reed beds were able to 
stop the Chlorophyta bloom {Chlamydomonas spp.), as previously demonstrated with 
ECWWSP.
8.4.3.2 Design 2 with 1 Lmin^ flow
After a pump was installed, pumping at the rate of IL min'\ it was possible to know 
the flow direction and to assess the nominal retention time of the water under the 
reed beds. Results showed that Chlorophyll a concentrations were significantly lower 
after the reed beds than before the reed beds (Figure 8-12). DO and pH naturally 
followed chlorophyll a concentration, with measurements higher at the inlet than at 
the outlet (section 7.4.1.4). The difference in chlorophyll a between inlet and outlet 
was higher during daytime, probably confirming that reed beds efficiency is maximal 
during day time where 37.5% of the water chlorophyll a is believed to be filtered 
whereas only 50% of the chlorophyll a is filtered during night time (section 8.4.2).
Deeper water, that is part of the hypoiimnion, recorded similar chlorophyll a 
concentration to the outlet, suggesting that deeper water might have been drawn 
toward the outlet and that the observed decrease in chlorophyll j  was not due to the 
reed beds, but to a variation in the hydraulics of the system, inducing an undertow 
current.
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After the reed beds
Before the reed beds (0.5m depth)
before the reed beds (1m depth)
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Figure 8-12: Chlorophyll a concentration before the reed beds, at two different 
depth, and after the floating reed beds during a period of active pumping at a rate 
of about IL  mln \
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If the observed decrease in chlorophyll a concentration after the reed beds was due 
to deeper water being drawn toward the outlet, then deeper water and outlet water 
should share other characteristics such as temperature, DO and pH. Deeper water 
temperatures are similar to both inlet water and outlet water. However, DO 
concentrations of the deeper water are similar to inlet water DO concentrations. This 
is particularly visible on the 17^  ^ 18^  ^ and 19^ of March with a decrease in 
Chlorophyll a concentration of 49%. Although, the difference in pH might be due to a 
difference in calibrations, the daily increase in pH due to photosynthesis is visible for 
both inlet water and deeper water, but not for outlet water. Deeper water 
characteristics are not matching these of the outlet water, suggesting that they do 
not share common characteristics and that the observed decrease in chlorophyll a 
was due to the reed bed action.
Something worth considering are the temperature records, being perfectly 
synchronized at the surface and at deeper depth, suggesting that the water was not 
stratified or that the thermocline was lower than 1 m. Inlet water characteristics 
matching deeper water characteristics further demonstrate that the water was not 
stratified. The pump induced currents might have been responsible for the de­
stratification of the water column.
Visual evidence of algae cells being physically trapped within the floating reed beds 
root system and its extended rhizosphere are presented in Figure 8-13 and Figure 
8-14.
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Figure 8-13: Chlorophyta {Pediastrum spp.) intercepted by the extended 
rhizosphere of floating reed beds root matrix (black arrow).
Other Chlorophyta are also visible. Pediastrum spp. is damaged.
w .
Figure 8-14: Chlorophyta {Coeiastrum spp.) intercepted by the extended 
rhizosphere of floating reed beds (black arrow).
Also visible are stalks of ciliated protozoan and detritus, maybe decayed algae 
cells (red arrow).
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8.4.4 Microinvertebrates and macroinvertebrates succession
8.4.4.1 Micro-invertebrates
At the start of the experiments, many different micro-invertebrates were recorded 
(Table 8-1). However, over time most populations rapidly disappeared from the 
samples. It is believed that was due to competition for space.
Table 8-1: Micro-invertebrate list with feeding pattern and observed ingested
Species Feeding
Reported ingested algae cells 
(visual observation)
Protozoan
Carchesium spp. Bacterivore
Epistyiis spp. Bacterivore
Epistyiis spp. Herbivores Coeiastrum spp.
Metacineta spp. Carnivorous
Podophrya spp. Carnivorous
Stentor spp. Herbivores Pandorina spp., Coeiastrum spp.
Thuricoia spp. Bacterivores
Vorticeiia spp. Bacterivore
Rotifers
Aspiancha spp. 7
Brachionus spp. Herbivores Coeiastrum spp.
Phiiodina spp. Herbivores
Urocentrum spp. ?
The main microorganisms that remained throughout all experiments in consistent 
numbers were stalked dilates such as Carchesium spp., Vorticella spp., and Stentor 
5/7/? (Figure 8-15) and two rotifers, Brachionus spp. and PhHodina spp. (Figure 8-16).
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Figure 8-15: Ciliate protozoa on floating reed beds root system.
Herbivore Stentor sp. (left) with ingested Pandorina spp. and bacterivore 
Vorticeiia sp.
Figure 8-16: Rotifers on floating reed beds root system. 
Phiiodina spp. (left) and Brachionus spp. (right).
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The results are expressed in Figure 8-17 for Im^ of floating reed bed with an 
average root system depth of 23 cm, corresponding to an average weight of 20g 
(section 8.4.2) and based on 8 plants per m^ . It also corresponds to 0.2m  ^or 200L. 
The first organisms colonizing the roots were ciliate protozoa: stalked dilates and 
Stentor spp. Small dilates were present in large number (i.e. 10® ind m'  ^ ) up to the 
15^  ^ January. Small dilates population were then kept to a minimum except for a 
brief appearance on the 29^  ^ March 2007. Stentor spp. were present in large 
numbers up to the 8‘  ^ January peaking on the 12^ December 2006 at 10® ind m'^ . 
Stentor spp. reappeared on the 15^  ^March 2007.
Rotifers were first recorded on the 12^  ^ December 2006 with PhHodina spp. 
population peaking on the 8^*^ February 2007 at 10^ ° ind m' .^ Brachionus spp. 
appeared a little bit later, on the 5^ January 2007, and its population also peaked on 
the 8th February at 10^ ° ind m' .^ Phiiodina spp. population was not found after the 
8th February whereas Brachionus spp. population remained stable at 10® ind m'  ^until 
the end of the experimental work.
The ecological succession observed followed the usual pattern described by Hanel 
(1998) for wastewater sludge succession (section 2.7). Small protozoan ciliated were 
the first organisms to colonize the root system. Rotifers colonised in very large 
numbers within 10 days.
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Figure 8-17: Microinvertebrates and protozoa populations.
Ciliated protozoan were the first organisms to colonize floating reed beds roots. 
They were closely followed by rotifers whose population peaked at the end of 
January.
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S.4.4.2 Macro-invertebrate results
Macroinvertebrates recorded within the floating reed bed root system are listed in 
Table 8-2 together with their feeding behaviour and the reported ingested organism 
for Oligochaetae (observed directly in the organisms) and Gastropod (observed in 
gastropod faeces). Some organisms that are not strictly epiphytic such as 
Ephemeroptera, Malacostraca and Ostracoda were still recorded. It Is likely, however, 
that their numbers are underestimated as they are capable of swimming away during 
sampling. Classifying organisms according to their feeding pattern can be a tricky 
matter as although every organism is reported to graze on algae, each organism's 
diet will vary depending on food availability and individual choices. In addition, the 
boundary between two feeding patterns can be ill-defined, especially when it is 
believed that algae trapped within the root system will eventually decay. Organisms 
feeding on detritus, without being herbivores, might still play a role in decreasing 
algae concentration in the eventuality that algae decompose once trapped within the 
floating reed bed root system as suggested by Figure 8-13 and Figure 8-14.
Table 8-2: Macro-invertebrate list with feeding pattern and observed ingested
Group Common name Feeding Reported ingested material 
(visual observation)
Chironomidae
Midges larvae Carnivore,
Detritivore,
herbivore N/A
Ephemeroptera Mayfly nymph Carnivore N/A
Gastropod
snail Detritivore,
herbivore Chlorophyta Brachionus spp., Phiiodina spp
Hirundineae leech Parasitic N/A
Hydra Hydra Carnivore N/A
Malacostraca Shrimp Detritivore N/A
Oligochaetae
Detritivore,
herbivore Coeiastrum spp. Scenedesmus spp.
Ostracoda Ostracod Detritivore N/A
The results presented in Figure 8-18 corresponds to a floating reed bed with an 
average root system depth of 23 cm, an average weight of 20g (section 8.4.2) and 
based on 8 plants per m^ . It also corresponds to 0.2m® or 200L. On the 8^"" January, 
the organisms present were Hydra, Oligochaetae, Gastropoda, Ostracoda and 
Chironomidae.
The Hydra population and Hirudineae population both remained below 1000 ind m' .^
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Oligochaetae population peaked at 10® ind m'  ^ on the 31^ January 2007 and 
remained present throughout the experiment at concentrations higher than 10^  ind 
m' .^
Ostracoda population peaked on the 31^ January 2007 at 10® ind m'  ^and collapsed 
on the 22^ *^  February.
Gastropoda population peaked on the 24^  ^January at 1000 ind g'  ^(DW) and was not 
found after the 21^ February 2007.
Chironomidae population peaked on the 23^  ^January at 10® ind m'  ^and collapsed on 
the 21®^ February 2007.
Ephemeroptera appeared on the IS^*" January 2007, peaked on the 31^  ^January 2007 
at 10^  ind m'^and was not found after the 30^ March 2007.
Malacostraca appeared on the 25^ '' January and peaked on the 31^ January 2007 at 
10® ind m‘ .^ Malacostraca population remained stable at 10® ind m'  ^until the end of 
the experiment.
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Figure 8-18: Record of macroinvertebrates succession in floating reed bed root 
system for an average root length of 23 cm and an average weight of 20g (DW).
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8.4.4.3 Micro-invertebrates, macro-invertebrates and environmental 
variables.
A total of 28 correlations were found to be significant for p=0.05, using the non 
parametric Spearman coefficient of correlation.
An interpretation to significant correlations (Table 8-3) is given below.
Table 8-3: Spearman coefficient of correiations (non parametric test) between 
invertebrates and environmental variables.
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Stentorspp. 1.000
Phiiodina spp. -.213* 1.000
Brachionus spp. -.415* .417* 1.000
Gastropoda -0.121 0.117 -0.030 1.000
Chironomidae 0.234 0.061 .503* -0.048 1.000
Oligochaeta 0.182 0.252 .353* 0.006 0.242 1.000
Hydra -0.072 -0.007 -0.115 0.124 0.019 0.031 1.000
Ostracod 0.228 0.115 .383* -0.062 0.231 .650* -0.001 1.000
Ephemeroptera 0.219 0.121 0.171 0.121 0.240 -0.038 -0.173 -0.070 1.000
Malacostraca .397* 0.017 0.261 -.381* 0.070 .386* -0.237 .418* 0.178 1.000
Hirudinea -0.050 -0.016 -0.007 0.091 -0.092 0.186 .329* 0.097 0.064 -0.017 1.000
Temperature -.482* .318* .476* .441* 0.046 0.050 0.078 0.234 0.003 -0.164 0.249
Chlorophyll a 0.089 -0.104 -.465* 0.197 -0.202 -.280* -0.054 -.298* -0.090 -.716* -0.176
DO .276* -0.136 -.416* .702* -0.200 -0.165 0.100 0.000 -0.039 -.331* 0.079
pH 0.060 0.112 -0.123 .500* -0.150 -.548* 0.240 -.402* -0.158 -.788* 0.011
8A.4.3.1 Correlation between invertebrates and temperature
The first water quality parameter of importance for organisms was temperature. 
Stentor spp. was the only organism that was inversely correlated with water 
temperature. PhHodina spp., Brachionus spp., and gastropods were positively 
correlated with temperature. Stentorspp. was also strongly inversely correlated with 
Brachionus spp. population, itself positively correlated with temperature and it is
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believed that the collapsing of the Stentor spp. following an increase in water 
temperature, was in fact due to competition for space with Brachionus spp. (Figure 
8-19). It can therefore be concluded that all organisms were positively correlated to 
temperature, or unaffected by it.
150pm
Figure 8-19: Evidence of competition for space. Brachionus spp. was highiy 
coionising the root system.
The darker biob inside each Brachionus spp. is it fuii stomach.
8 .4 .43 .2  Correlation between invertebrates and chiorophyii a
Another important water quality parameter for this study was chlorophyll a. 
Organisms positively correlated with chlorophyll a are likely to be grazing on algae, 
or feeding on algae grazers. However, no organisms were found to be positively 
correlated with chlorophyll a. Actually, four organisms were found to be inversely 
correlated with chlorophyll a. There were Ostracoda, Malacostraca, Oligochaetae and 
Brachionus spp. Not surprisingly, these organisms were also inversely correlated with 
pH and DO, as chlorophyll a is strongly correlated with these two parameters.
Both Ostracoda and Malacostraca are detritivores and are not expected to be 
correlated with chlorophyll a, although they are also believed to graze on algae 
occasionally (South Australian Environmental Protection Authority, 2005). Ostracoda 
and Malacotraca population might have been influenced by other parameters they 
were also negatively correlated to, parameters that are induced by a decrease in 
chlorophyll a, namely pH and DO.
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Brachionus spp. and Oligochaetae, however, are believed to be mainly herbivores 
and it is therefore surprising that they correlated negatively with chlorophyll a.
An explanation to this negative correlation might be that the algae present in the 
water were not palatable to these two organisms. It is probably particularly true 
regarding Brachionus spp. as it can only feed on algae <15 pm diameter. In addition, 
Brachionus spp. population increased dramatically on the 8^  ^ of February, 
corresponding to the recorded palmelloid stage of Pandorina spp., believed to have 
fuelled up the Brachionus spp. outburst and suggesting that Brachionus spp. would 
be correlated with an increase in chlorophyll a induced by small size algae. 
Oligochaetaes were observed ingesting large algae such as Coeiastrum spp., 
however, and its inverse correlation with chlorophyll a concentration seems 
contradictory.
Gastropods were not found to be correlated with chlorophyll a, another surprising 
result as Gastropod favourite algae, Bacillariophyta was not found in large numbers 
and that Gastropods second favourite food is believed to be unicellular Chlorophyta 
(Calow, 1973) that were observed strained within the root system (Figure 8-13 and 
Figure 8-14). Gastropods are a very diverse group however, and it is likely that their 
feeding preference vary from one species to another. Gastropods were however also 
grazing on rotifers such as Brachionus spp and Phiiodina spp whereas other 
organisms were not (Figure 8-20). The gastropod population was however positively 
correlated with both DO and pH.
Figure 8-20: Gastropod faeces showing green unicellular and Brachionus spp., 
easily recognizable by its red eyes spot.
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5.4.4.4 Inter specific correlation between invertebrates
Organisms are linked by the food chain and through competition for food or space. 
Understanding these links can help explaining other significant correlations.
PhHodina spp. and Brachionus spp. are positively correlated. Phiiodina spp. and 
Brachionus spp. are both rotifers and have similar requirements. Brachionus spp. 
remained in the water when chlorophyll a concentrations were low, suggesting that 
Brachionus spp. did not exclusively feed on algae.
Four organisms were positively correlated with each other: Brachionus spp., 
Oligochaetae, Malacostraca and Ostracoda, suggesting similar diet or food chain links 
or similar environmental requirements. These four organisms were already grouped 
under the environmental variables.
The gastropod population, that was previously found to be inversely correlated with 
environmental variables, also expressed a negative correlation with the Malacostraca 
population, further excluding itself from the other invertebrates.
8.4.4.5 Principal Component Analysis (PCA)
As already mentioned, organism diet varies according to what is available and it 
might be tricky to understand food chain links in a complex and unexplored 
ecosystem such as the floating reed beds root matrix.
PCA might help visualizing organisms relationship by creating clusters. Although four 
factors were Initially determined, each explaining more than 10 % of variance, only 
two factors were clearly defined:
Factor 1, explaining 24 % of variance, is thought to be the decrease in chlorophyll a 
and associated decrease in pH and DO.
Factor 3 explaining 16% of variance, is thought to be the increase in temperature.
The four organisms previously identified as having strong environmental and inter 
specific correlations have been split. Oligochaetae and Ostracoda still form a cluster, 
but Malacostraca and Brachionus spp. are now segregated. Brachionus spp. is 
perfectly fitted with Phiiodina spp.
Gastropoda and Stentor spp. are also isolated as previously found using Spearman 
correlations.
Chironomidae and Ephemeroptera form a new cluster.
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Organisms that were not found to have any correlations (Hydra and Hirudinea), 
formed a cluster in the middle of the plot (Figure 8-21). Clusters were arbitrary 
identified.
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Figure 8-21: Plot of factor loadings of the second axis against the first canonical 
axis.
The first factor negatively emphasizes a gradient related to chlorophyll a 
concentration and the third a temperature gradient.
8.4.5 Micro and macro Invertebrates grazing potential in the 
removal of trapped algae.
The three groups of macroinvertebrates identified by Bronmark & Weisner (1992) as 
being the main herbivores in freshwater ecosystem (section 2.7) were also present in 
large numbers within the root system of floating reed beds, namely the Gastropoda, 
Oligochaeta and Chironomidae. The rotifer Brachionus spp., which is considered to 
feed mainly on algae (Doohan, 1975) was also present in large numbers.
If we consider the grazing rate of these organisms, we can get an estimation of their 
potential impacts on the algae population. The grazing rate of organisms is 
dependent upon environmental variables such as temperature and food availability
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and upon the organisms themselves such as their size or health. It is therefore 
difficult to obtain a consistent grazing rate from the literature. We choose to use the 
numbers published by Bronmark & Weisner (1992) following the review of the work 
of Kairesalo (1987). Although Bronmark & Weisner experiment was not conducted 
under the same conditions or with the same taxa, it is the only study that was 
conducted on the three herbivores simultaneously, and it is believed that external 
environmental factors that interfered with grazing rate were therefore similar and 
differences in grazing due to external factors were therefore limited. (Refer to 
section 2.7 for grazing rate). Brachionus spp. grazing rate was taken from another 
publication that gives a grazing rate of 0.3pg C ind'  ^d'  ^(Stelzer, 2006).
Results presented in Figure 8-22 suggested that Brachionus spp. had an insignificant 
impact, apart for the beginning of March, which correspond to the palmelloid stage 
of Pandorina spp.
Oligochaetae and Chironomidae seemed to have the higher grazing potential 
although Chironomidae population was limited in time as its population was not 
stable.
The maximal grazing impact potential was between the 10**^  January and the 
March with three peaks on the 23’’^  January, on the 31^  ^ January and on the 8^*^ 
February. Grazing potential collapsed at the end of February. The end of February 
corresponded to a period of low chlorophyll a concentration, below 10 pgL'  ^(section 
8.4.1.3) which might explain the collapse of the grazing population.
The 23"^  ^and the 31^  ^January correspond to a decrease in chlorophyll j  concentration 
(associated with a decrease in pH and DO) and does not explain the observed 
increase in grazing potential of the reed beds. One explanation might be that the 
organisms are mostly grazing on decayed algae and not on algae themselves and so 
any algae related change is delayed. There is no evidence of that phenomenon 
however.
As already mentioned, the 8’^ '^ February corresponds to the palmelloid stage of 
Pandorina spp.
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Figure 8-22: Grazing potential of the main herbivores identified.
Brachionus spp. had the lower impact, followed by Chironomidae. Oligochaetae 
and Gastropod had a similar impact.
Oligochaetae seem to have the potentially higher grazing impact as they had a 
higher grazing capacity and dominated over the whole experimental period. In 
addition, they have been observed with ingested Chlorophyta.
However, because algae are not a phylogenically homogeneous group, they have a 
wide range of characteristics such as size, shape, and membrane composition and it 
is not known whether the Oligochaetae are capable to graze on other algae group, 
or "willing" to as it is believed Oligochaetae segregate algae groups for another 
(Streit, 1978) .
8.4.6 Oligochaetae diet investigation
There was visual evidence of ingested Chlorophyta in the field and evidence of 
Cyanophyta ingestion as well through forced contact in beakers. As previously 
mentioned, evidence of ingestion is not evidence of assimilation, as clearly 
demonstrated by Figure 8-23 to Figure 8-24.
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Figure 8-23: An oligochaetae with ingested Chlorophyta {^ Pandorina spp.) (Left) 
and Oligochaete faeces containing unidentified Chlorophyta cells (Right)
Figure 8-24: Oligochaeta with ingested Cyanophyta Arthrospira sp. (Left) and 
excreted (right)
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It was therefore decided to record the reproduction of oligochaete when fed with 
different types of algae. This experiment was Inspired by an acute toxicity test using 
oligochaete worms listed In the Standard Methods for Examination of Water and 
Wastewater (AWWA eta!., 1998).The algae chosen for the grazing experiments were 
collected on different WBWC lagoons that were experiencing an algae bloom. The 
scum was collected In a 50mL containers, In order to get an algae suspension as 
homogeny as possible. Back In the laboratory, the algae suspension was observed 
with a microscope and three different algae suspension were Identified: The 
Chlorophyta Chlamydomonas spp., the Cyanophyta Arthrospira spp. and the 
Cyanophyta Microcystis spp.
A sample of V. zizanioides root was collected from Pulgul wastewater lagoon and 
rinsed In order to detach oligochaete worms. The worms were then collected and 
observed under a low power microscope In order for 58 Identical ollgochaetes to be 
selected as three different species had been Identified living within the root system: 
Aeiosoma spp., Tubifex spp., and Styiaria spp. The species Aeiosoma spp. was 
selected for that experiment as It was the most common observed oligochaete. The 
ollgochaetes are easily differentiated from each other as Tubifex spp. was very active 
and red due to the possession of haemoglobin; Styiaria spp. had an evident 
proboscis In the head region and Aeiosoma spp. had greenish spots. The 
ollgochaetes were Isolated for 1 day, to allow for their gut to be cleared of material 
Ingested prior to the start of the experiment.
Twelve beakers were filled with lOmL of Pulgul wastewater lagoon water from which 
the ollgochaetes were taken. The water was filtered before hand to remove algae 
cells. Five ollgochaetes were added to each beaker:
• A Chiamydomonas spp. suspension was added to three beakers
• An Arthrospira spp. suspension was added to three beakers
• A Microcystis spp. suspension was added to three beakers
• Nothing was added to the remaining three beakers.
The number of ollgochaetes In each beaker was counted every day (expect during 
the week end).
Results (Figure 8-25) showed that the oligochaete Aeiosoma spp. fed with the 
Cyanophyta Arthrospira sp. were able to reproduce, suggesting that oligochaete 
Aeiosoma spp. Is able to gain nutrients from the Cyanophyta.
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Figure 8-25: Feeding experiments showing growth of the oligochaetes Aeiosoma 
spp. on various algal species.
It is not known, however, what the oligochaete Aeiosoma spp. behaviour would have 
been in a situation of mixed algal population. Streit (1978) suggested Styiaria 
iacustris was not ingesting the Chlorophyta Scenedesmus sp. when Bacillariophyta 
was present.
8.5 Conclusion
Pulgul wastewater lagoon is a warm polymictic system, characterised by two layers 
separated by a thermocline believed to be between 0.5 m and Im depth. During the 
day, algae are concentrated within the epilimnion. V. Zizanioides root system was 
found to be of 23.75 cm ± 10cm, meaning that 25% of the algae get in contact with 
the root system during night time and 37.5 % during daytime.
Reed beds were found to be successful and were able to decrease chlorophyll a 
concentration. The decrease observed was more important during daytime, possibly 
showing that during a period of stratification, the reed beds were more efficient as 
more algae were going through the reed beds. Algae were observed strained in the
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root system and it is therefore believed that interception played a role in the 
observed decrease in chlorophyll a.
The main taxonomic groups of herbivores living within the reed beds roots were the 
Oligochaeta, Gastropoda, Chironomidae and the rotifer Brachionus spp. Oligochaetes 
were identified as having the greatest grazing impact potential and the most stable 
population and is therefore believed to play an important role in secondary grazing.
Although Cyanophyta were not present in the system, the oligochaete Aeiosoma spp. 
was observed ingesting Cyanophyta, by forced contact in beaker, suggesting that 
they have the potential to control a Cyanophyta bloom. However, the reaction of the 
Oligochaete Aeiosoma spp. in a mixed situation is not known and literature suggests 
that oligochaetes are able to segregate for their favourite food (Streit, 1978). The 
behaviour of other oligochaetes species is also unknown.
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9 GENERAL CONCLUSION
9.1 Interception
The root matrix of reed beds was found to successfully filter algae suspended in the 
water column, on numerous occasions.
In the UK, up to 22% of the Cyanophyta Aphanizomenon Hos-aqua filaments were 
trapped by the root system of floating reed beds. It is believed that this is partly due 
to protozoan dilates passively straining algae with their stalks. Some stronger 
adhesion mechanisms were also noticed, such as adhesion to the biofilm formed 
around the roots. As a consequence the research tanks covered with reed beds 
produced more homogeneous water in terms of algae concentration, confirmed by a 
lower standard deviation. There was, however, no evidence of filaments being 
removed once trapped within the root system, through other mechanisms such as 
secondary grazing.
In Australia (section 6), floating reed beds are thought to have been responsible for 
a decrease in chlorophyll a concentration of 37% when presented with a floating 
scum of the Cyanophyta Arthrospira spp. In that particular case, it is believed that 
any floating material would have achieved the same result and that the decrease in 
chlorophyll a can not be attributed to the root matrix, which was underdeveloped 
due to hyper eutrophic conditions.
A decrease in chlorophyll a concentration of 49% was achieved when the floating 
reed beds were presented with a population of about 40pm diameter Chlorophyta 
mixed population (section 8.4.3).
The decrease in chlorophyll a concentration was greater during daytime, possibly 
showing that during periods of stratification, the reed beds were more efficient as 
more algae were going through the reed beds, stressing the importance of 
hydraulics. The thermal stratification of a system impacts on algae stratification and 
directly governs algae's probability of coming in contact with the reed beds root 
matrix.
Potential difference in root morphology between macrophytes species was also 
believed to influence interception efficiency. Although no difference was noted in the 
efficiency of two different macrophytes root matrix i.e. Phaiaris arundinacea and 
Phragmatis austraiis, important differences in morphology were observed between 
these two species under the same growth conditions. Both species exhibited similar 
root length stabilizing at around 40 cm within 4 months. This is in contradiction with
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macrophytes behaviour when rooted, as P. arundinacea is usually not used in 
constructed wetland because of its shallow root system. In addition to being of 
similar length than P. austraiis, P. arundinacea exhibited a fibrous root system, which 
might be expected to be more efficient for algae filtration. More work is required to 
define whether the observed differences in morphology can impact on reed bed 
efficiency, such as when exposed to different algae population.
It was also discovered that root adaptation to its environment plays an important 
role in floating reed beds as Vetiver grass ( Vetiver zizanioided) average length was 
found to be 24 cm in eutrophic condition (TN concentration ranging from 0 to 10 
mgL^ and TP concentration ranging from 0 to 7 mgL' )^. In hyper eutrophic 
conditions, however (TN concentration ranging from 30 to 40 mgL'  ^ and TP 
concentration ranging from 8 to 10 mgL^) average root length was found to be 3 
cm. This finding clearly limits the application of floating reed beds to eutrophic 
waters, unless reed beds are added to hypereutrophic systems once the root system 
was allowed to extend independently, in a nutrient poor environment.
The limited amount of data available combined with the high variability within the 
results demonstrate the weakness of the results obtained. The stochastic nature of 
natural ecosystems might explain part of the variability obtained, with results having 
high confidence limit (section 6.4.3). The limited amount of data available is a 
combination of human factors i.e. unnoticed interruption of the discharge to Pulgul 
creek (section 8.3.2.2), poor planning (wind direction was not taken into 
consideration (section 7.5.1)) and unexpected results such as poor root development 
in the hypereutrophic system of ECWWSP (section 7.4.2).
9.2 Secondary grazing
straining of algae was observed in the root system through adhesion mechanisms, 
and an important population of herbivores was observed living within the root 
system, giving the potential for secondary grazing. The main taxonomic groups of 
herbivores living within the reed beds roots were the Oligochaetae, Gastropoda, 
Chironomidae and the rotifer Brachionus spp. Oligochaetae were identified as having 
the greatest grazing impact and as having the most stable population, and are 
therefore believed to play an important role in secondary grazing.
Although Cyanophyta were not present in the system, the oligochaete Aeiosoma spp. 
was observed ingesting Cyanophyta, by forced contact in beaker, suggesting that
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they have the potential to control a Cyanophyta bloom, algae that have been 
reported to have a low palatability (Bernardi & Guissani, 1984).
In addition, literature suggests that macroinvertebrates have a preference for certain 
algae taxa, Bacillariophyta being the favourite food of Oligochaetae (Streit, 1978), 
Gastropoda (Calow, 1973) and Chironomidae (Olivier, 1971). It is not known whether 
these organisms, if in contact with suspended Chlorophyta or Cyanophyta, will stop 
grazing on epiphytic Bacillariophyta growing on the reed bed roots. Literature 
suggests, however, that macroinvertebrates do not directly select their food but 
mainly graze on what is most readily available. It is therefore possible that any algae 
bloom will be grazed by macroinvertebrates. Although macroinvertebrates might be 
able to graze on any algae, there is some question regarding their assimilation 
efficiency, and ultimately the damaged caused to the ingested algae cell.
9.3 Other mechanisms
Algae-containing faeces were observed as well as damaged algae cells trapped in the 
root biofilm highlighting the potential of secondary settling in permanently removing 
algae from the system. No evidences have been collected however, and it is 
therefore not possible to draw any conclusion regarding secondary settling.
Other mechanisms introduced in section 2 have been eliminated in hypereutrophic 
system. Nutrient uptake was not significant in ECWWSP and a 48 hour nominal 
retention time under the reed beds did not affect the algae concentration. 
Zooplankton population, indicator of primary grazing potential impact, was not 
greater under floating reed beds than in the control channel.
9.4 Future work
An extended literature review and laboratory experiments are required for a better 
understanding of micro and macroinvertebrate potential in secondary grazing. 
Special attention has to be given to Oligochaetae diet, food assimilation, and food 
choice when presented to a mixed algae population. Oligochaetae behaviour, and 
that of other organisms, such as Gastropoda, is likely to be greatly influenced by 
environmental factors, such as predation pressure and observation of these 
organisms in situ is also important i.e Gut observations.
An important difference in root development was noticed between two systems 
having a different nutrient load. Conducting controlled laboratory experiments would
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give a better understanding of how nutrients affect the root system of hydroponically 
grown macrophytes.
Smaller scale experiments with replicates, such as the one conducted at Kempton 
Park (section 6.2), might help minimise variability due to stochasticity of the system. 
In addition, important parameters such as flow can be more readily controlled and 
other parameters can be more easily monitored such as DO, pH and Chlorophyll a. 
Macrophytes with a fibrous root system are believed to improve water filtration by 
limiting short-circuiting but there is no evidence so far, and such installation would 
give the opportunity to test different macrophytes species. Due to its higher surface 
areas, fibrous root systems might sustain a better community for grazers, and 
research is needed in that area as well.
Laboratory experiments and small-scale experiments will never totally reflect the 
reality and full-scale trial represents the only real test to assess floating reed beds 
efficiency.
9.5 Recommendations for future work
Several critical parameters have to be known prior to the addition of floating reed 
beds to a limnic system:
• The trophic status of the system directly influences the length of the 
reed beds root matrix and therefore impact on the depth of water in 
contact with the root matrix. Reed beds used in hypereutrophic 
systems are not believed to be suitable, as root growth is likely to be 
limited to a few centimetres and interception mechanism will therefore 
be limited, unless reed beds are growth in a nutrient-poor 
environment beforehand.
• The thermal stratification of the system has to be known, in order to 
understand the system stratification, greatly influencing algae contact 
with the reed beds root matrix.
• Prevailing wind direction is also important, as it might influence 
horizontal and even reverse surface flow in quiescent condition.
These parameters are critical for both large-scale experiments and for smaller scale 
experiments as both can experience stratification, and be influenced by wind action.
Although there is no evidence, macrophyte species with a fibrous root system have 
to be selected in priority as they show a more homogeneous structure that is likely to 
limit short-circuiting.
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